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THE ZEXEMAN PHENOMENON AND MAGNETIC RUSONANCE
- m -

[Poliowing is the transiation of Chepber 14 of the
Russieneleanguege book by M. A. Yel'yashevich, Am?!

i mlokul arnsys spektieoskopive (Atcmic and Molec
‘Bpectroscopy ), MostoW, L¢ ate Publi House

for Physico-Msthemntical W terature » Deges 367-k08.]
J.M 3 Sjpl.;ttinﬁ of. Enorg' Ievels in & Mametic Field

In & magnetic fleld degenerated levels of energy of the atom
are geparated into nondegenerate sublevela. This resulis in magnetic
cleavege of the spectrel lines corresponding to the trensition between
various eunergy levels intomsny conponent levels, snd to the appear-
ance of forced transitions between sublevels of o given level of
energy. : e

The phencmencn of cleevage of spectral lines and energy levels
in » magnetic field iz called the Zeeman phencoencn. Zeeman first dis-
covered (in 1896; of. Parsgraph 1.6, page 34) dilation of the Ma 5890-
5896 A doublet line (first member of the main series, of., for example,
page 224) in a magnetic field; later he cbserved not only dilation, .
but also clesvege of spectral lines. Lorents expleined this on the
basis of the classic electron theory as the result of clesvage of the
frequency of vibration of an elastically bound elsctrom of the stom,
end it wes pot until later thet it was interpreted in its natursl form,
on the Tasis of the Bohr theory, as the result of clesvage of energy
levels. At present the term "Zeeman phenomenon” is applied to the
splitting of both spectral iines snd energy levels in s magnetic field
(vhich slready hes been mertioned in Paragrapk 1.5, pege 31).  Study
of the Zeemaa puenomencn, or effect, in the spectral lines of stoms :!.n
both the visible and uliravioiét range played a great role in the
developmert of the gcience of stomic structure, perticularly in the
pericd following the development of the Bohr theory. At the present
time investigation of the Zeeman effect in spectral lines of atoms is
one of the post important methods of deterrining the characteristics
of the energy levels of atons snd greatly rfacilitates interpretation

of complex stomie spectra; study of the Ueexan splitting of spectral
lines also ensbles scquisition of wveluable dsta on magretie fields in
(Light mources, particulsrly in study of the Sun, ita megretic fields

and svn spots. ~



3 Porced transitions between Zeeman sublevels of & given evergy |
level occur under the effect of irrsdistion of a frequency equal to
the frequency of the possible tirsnsitions, i.e., in the case of resc-
nance, and this phenomenon is called the magnetic resonance. Tie fre-
quancies of transitions bPetween Zeeman sublevels lie in the radiofre-
quency range of the spectrum. and are studied by radiospectroscopic
methods (40, hl). Magnetic resonance first was discovered in 1938 by
Rebi apnd his associates (243) in moleculsr beanms”. EHe first discov-
erad resonszce transitions -Detween sublevels of Zeemax splitting for
the hydrogen molecule, caused by the magnetic moments of the proton
and deutéron, and then in 1940 (2kk) he observed transitions between
sublevels of Zeeman splitting in atoms, csused Dy electron magnetic
momerits of stoms. The study of msgnetic resonsance, both electronic
and nuclear, in stomic and molecular besus is very complex in its
experimentsl methodology, a&nd investigstion of this phencmenon began
to expand only after the discovery by Zavoyskiy in 194k in Kazen

(2k5) of electronic parsmagnetic resonance, absorption of microwave
irradistion by & substance dus to transitions between sublevels of
Zeeman splitting connected with the electron magnetic moments of
perticles of the substance (determined by the parsmsgnetic properties
of the substance, hence the nams 'paramagnetic" resonsuce); an anal-
ogous phenomenon of ferromegnetic resonance™ is cbserved in ferrc-
nagnetic substances. Nuclear parsmagnetic resonance, or sbsorption
of irrsdistion in the range of short radio waves with Zeeman splitting
in a substance was cbserved by US investigators (246). This was due
to muclear magnetic moments. Parsmegnetism connected with nuclear
ragoetic moments was discovered by Lazarev and Shubnikov in 1937 (242)
in the course of investigation of the magnetic properties of solid
hydrogen st a temperature of 2 to 4° K. At the present time the
majority of the grest number of rediospectroscopic investigetions be-
ing conducted are performed with the aid of various methods of magnetic
resonance. Bssentially, these methods ensble desterminstion of the
megnetic moments of satoms and nuclei with a very high degree of preci-
sion (cf. page 40l).

*) Directed besms of neutral perticles are called molecular
beams. They are subdivided intc sctusl molecular beams consisting of
molecules, and stomic beams, consisting of stoms.

*) The first experiments on ferromagnetic resonance were per-
formed by Arkad'yev in 1926 (36), although the generel theory was
developed in 1935 by Landau snd Lifshits (241). XNumerous experimental
wltiptiom of ferromagnetic resopance have been conducted since
1046.
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! In the following ve present . detailed discuseion of the Zeemsn
splitting of spectral lihes (P&ng’npha'lh.e to 1k.5) snd meguetic
resonance (Paragraphs L4.6 to 1k.8); in:the present paragraph we dis-
cuss the Zeeman splitting ¢f energy levele as the basis of further
discuesiocus.

According to grapbic represeptution, the cause of Zeeman |
splitting of energy levels is the fact that magneiic moments may be
oriented by wvarious mesas in relation 4o the magnatic pole.

‘ Additional energy in the m&g{nﬁtic field of any atomic system
having megretic woment depends upon the criestation of the woment in
question in relation to the field, specificelly the umgritude of pro-
Jeetion of this moment upon the direction oi the £ield. The projec-
tion i 5 of the nagoetic moment i is proporiicnate to the projection

(cf. Paxragraph 2.5, page 51). As & result, Lo each value of projec
tion of the moment of quantity of wchion corresponds & definite velue
of the projectica of the magnetic momernt sndiits value of supplemene
tary energy in the megnetic field. in conformmnce with 9J.4- |

possitle values m,= ft == Jod=1, 000 T projections of

J, of the mechanical mowent J multiplicity of disintegration is
equal to- g£,= 2J4~1 , and determines the number of sublevels
in the nagnetic rield (of. Paragraph 2.12 and Paragreph 2.15). The

quentum nusber w, characterizing the sublevel of Zecaan zplitting, hes
received the name magnetic guaniun number (ef. psge 50).

let us examine in greater detail the splitting of the energy
level of sn aton having elactron megnetic moment B in a constent
external magnetic field of intensity 47 . ;

According to the known formule for the energy of a magnet
lecated in & magnetic fieid, the excess energy of the atom is equel to

AE::;"((LH) =z —nbicos(y, )= —u.H, (1k.1)

where g == [ COS(js, H) is the projection of the msgnetic

moment in the direction of the fielC along the z axis, aud in the
Lca.sé under consideration is the isolated direction which we previously

-3



fEsd selucted for the ¢ axis. In distinction from the cese of s free -
. qmm, for vhich suy given direction of the axis of quantiz&tion may

be selscied, we now have a physically isolated direction of the mag-
netic Lield.,

™e projéstion By of magnetic noment. in the ainetion ‘of the
of the ield has & definite value (2.43), and we obtain

w

AE,, == — 'r&mH. (34.2)

vhere «f 1s the gyromaguetic (mgnatonchsnieu.) relstionship and
m-..-m, scquires the value of 2/~ 1 . The formla (1k.2) gives
the splitting of the original level intc 2J+1 equidistant sublevels,

as is inlicated in Figure 1k,1, for the lesst integral and semi-
integral values of J. The initial position of the level prior to its
splitting is indicated by the broken link., Bplitting is symmwetrical
with rempect to this position, which at ex 1nte¢nl J coincides with
the poaition m » O of the sublevel. The distance between neighboring
sublevels is equal to,-rf;ﬁ;g, i.e., is proporticnxte to the gyromsg-

netio ratic end the intensity of the magnetic field.

For s paraly orbital moment the ic reatio is deter-
nined oy formula (2.45), and formula (1&.2) ass\uses the form

AE,, == — 1,hiHm = % Hm = p.fHm, (ak.3)

where o, is the magoaton of Bobr (2.45). e sublevels with sub-
sequirt values of m are locsted st distences pj’;g H. Inthe same
way it the megnetcn of Bohr is & ueturel \m:l.t for messurement of
elecirun magnetic acments; the value p p H is a natural unit for
wessement of the eplitting of stomde energy levels in & magnetic

field. It gives the magnitude of splitting for purely orbital moment,
and often is called the magnitude of norsal splitting.
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f‘ie 55) For a purely spin moment we obtain, according to formula -

AE,, wm — 1 hHM - Hm == Qp.,Hu. o (1hb)
The distence between adjacent mmblu is equal to 21’3” i..,,
twice the value of norxal splitting. In the very important case of
of an electron with noncompensated spin, at )
=0, m=m,= L 1/, (. (6.6)),
and sn initial level with value J = s = 1/2 splits into two half-
levels (cf. Figure k.1 &), loosted &t dil'tlncc 2p.,H‘ It may be

noted that for both orbital and spin moment the sublevel with the
least m (of. (1k.3) and (1k.hk)) lies deepest, because of the negstive

value of 7 (due to negstive electron charge).

tA‘H. Accord.ing to (2.&7) the numerical value of the magneton
of Bohr is equal to

By _092731-10‘”ﬂ~14oo 108 e 4 67. 1070 &L
nss ghass
(1k.5)

In o magnetic field with 1 gsuss intensity the Zeemsp split ‘g;.iH
1s equal to k.67 ¢ 1079 cm‘l, i.8., approximately 1 ewt, In

55,000
a magnetic field H = 20,000 gauss we have

pgff==0,934 ca~l==1 cu™! (H =20 000 gauss), (14.6)

Thus the value of normal splitting in & 20,000-geuss field is

on the order of 1 cx"t. In vexy strong permenent megmetic fields on
the order of 100,000 guass, which are appiied in prnt.i.co for stuly of

the Zeeman effect, p.’H is approximately 5 cu™1*, Because of this

#) Fields of this type were applied by Harriscn and Bitter
Léa&o;; stronger fields wers cbtained by Kapitsa, Strelkov and Laurmen
{239). | | i

- 6 -



-

[the reiative splitting of spectral lines in the visidble spd ulir -y
violet renges (wave nuwberz on the order of geveral tena oi thousands

ewrd) 18 low, oven in very strong megnetic fields.

In studying elecironic magnetic rescnance meynetic flelds not
exceeding 5,000 to 10,000 gouss are uged. In s fl8id in which
H =~ 5,000 gnuoes, 'p.BH‘ = .R233 em"ﬂ'/’gawam, shilch coryesponds to the
weve Jength A ot rg'sonu.nt transition hetween adjacent sublevels of
approximately 4.3 cm, and releting to the microwave region of the
spectrun.

For sn arbitrary electronic mowent of an atom, we heve, accord-
ing to (1k.2) and 2h.3):

- b 4 a . - #
A‘bﬁ, e ““!.ll"im m= b a Hm. (14.7)
a T Nt :ﬂ
g Q‘ .
Iutroducing the Tector ¢ o= :L s {347} mey be writien mse:
, ) T »
AE , === g?.E}fm. CORTSN AN S TE— {14.8)

The factor g (Lande fasbor) determings the retic of the relee
tive magnitude of splitting 'mg,ﬁ H Ior sn a¥uitrary megretic booeot
to the value of noymal splitbing upH. ¥For porely orbital moment,

g = L, srd for purely Apin moment, g = 2. For electrounic momernd Come
prising She suw of orbital and rpin-woments g ey have vavious velues,
from Tractions of & unit to esveral unite, degsnding upor the nuunbe;
of component moneohs and upon the typs of releationghip. The viiune of
the festor g is an important chevacleriatic of the suergy luvel {cf.
in detall Persgraph 14.3, below),

Formula (34.8) lzeds to & Limser function of the Zesmmn splitting
in respect te the lutensity of the magnetic field H. Tods is Lllue-
trated by the disgrsma of Figurs 1h.2, in vhich the sublevel anavgy im
repragented the function of H fov the velues J = 1/2, 1, 3/2 spd 2.

Tale type of dleagrem iz very ugefunl for ell cases in whlch the aplit-
tioug of energy Jevel is studied &t various velues of magnetic fleld,
and ssproielly in divergonce from & livesr relstionabiip.



Figure 14.2. Bplitting ss a function of intensity of magnetic field:

a;-cba’-l/a; c;-a.tJ-S/a;
b) -t J=1; ) - st J= 2

The linesx function, determined by the wmain formula (14.8)
for Zeeman splitting, holds only for an individual energy level Ei,

fay removed for other values of nd. “Far removed" means thet (consid-

ering g on the order of unity) the distance to sdjacent levels is much
gruster than the value |p pH. ‘

|uH < |E,~ . (h.9)

A 24014 satisfying the condition (14.9) is called a weak field, and

 thus formmla (14.8) determines Zeeman splitting in a weak field. In

digtinction from (14.9) a field for which the converse condition

‘\1 gt > |E,—E,|, (14.10)

is fulfilled is called a strong field. The ceses of strong fields and
fields intermediste between strong and weask, mnl%H ~ | E‘ — El [.
11 be discussed below (cf. Parsgraph 1k.5). :

A, ._J

-8‘-



" It is sapparent that the concepts of wesdl: and strong fields are |
relative concepts, because thoy deperndl uhun the smount of distance
between adjacent energy levels in thes sbsence of a magretic fleld.

Starting out from formals (14.2) for sugplementsry energy in a.
magostic field, we obiain the quantun mechanical sourgy by converting
Zrom the ¢clasgic expression for supplemsntary energy Af == b == ""!*zH ’
of an stonm with magnetic mowenmt g (cf. (14%.1)), to the cperstor

V= — Hps, {1k.11)
and consider V' a3 disturbance.

In the first approvimeation of the theoxy of disturbance, the
supplementery epergy is sgusl to the aversge value of the (perstor

--:' ey N . G .
8E yp=VY = VaJm., atm = f Yot Vajm 4%

= H [ Yomiabagm b= = Hy (0:32)
teken according to the function of zero approximstion Y .

(vhere o includes tae characteristics of position spart from J aud m).
The aversge valug of the operstor cf the projection of the magoetic
norent 38 proporticnate to the averags value of the cperstor

Mp;. = hJf 2 of the projection of the mechanicel momert, and ugy e
expressed in the form

~

by - ™ - —
l"‘: :-:f ';":Jm’.“;q’a.lm dx = A{hj "palmjg‘?udm C.’Ll -

cwas AR ,“‘\ g o
&'y f*sbalm “‘33’"&]13 dx, {14.13)

vhere y is the relationehip of magustiec, to mecharical aonent, iatooe
duced in Chapter 2, and which for electronic moucites sy be expressed

in Bobr masgnetons u, and the factor £ ( 1h == *;‘1- '::h 2 Gy, CM, (14.7))
Considering thsi according %o {2.19) and (2.10)

K

Jbesm ™= My (me=mmpe=d, T 0, =) (24.14)
end, therefors, f Yoim j?z}aum dx=m , we £ind
i, == Thm = — gugm, {14.15)

L
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fwhence we obtain 1

A1£ == Aem B Tme P gP'BHm, (l}hl6)
j.e., formles (14.2) and 14.8).

1% sppears that we had applied guartum mechurics esrlier in
unclear form when we inserted the quantum value T according to
(2.43) in the clisssic formuls (2h.1)

From the conclusion above it follows that the result (14.2) is
correct only in the first approximation of the theory of dimurbance.
In the second sapproximation of the theory of dlsturbance the energy
correction is determined by ihe nop~-disgonal matrix elements

Vesm, ats'm  OF the energy of disturbance, connecting pesition with
the same value m ead with values of J,, differing by nc more than the
velue (J'=J== 21, 0). . Thia correction is equal to

'V e |3
A,sz | Yosm, osml (@ o, S=d, JEY),  (ka7)
EJ hannd E]'

vhere summstion is performed for all levels a’J’, for wnieh J' is
distinguished fram J By no more than unity. Because the matrix

elements V ,. ..p, are proportiouste, 8s in the case of the matrix
elerents of (i4.12), and the field imtersity is H, then A,E is pro-

portionate to Ha, which leads to the gquadratic Zeemsn effect. The
relationship of the magnitude of the quesdratic Zeeman effect to the
value of the linear effect is on the order of:

AL
~NE~Ex| " (1L4.18)

i.e., the ratic of the matrix elements of the energy of disturbance to
the difference in energy of sdjacent levelis. DBecauge the matrix ele~
menis have the ovder ppH for electronic moments, the rativ (14.18)

will be on the cixder cf

valt o
If the given ratio ceases to be small, this mesns that the magpetic
field is not weak, and splitting of the given level of energy msy noi
be considered independently of splitting of other levels. We obtain

s foundation for (1it.9) as a criterion of the applicability of formulse |
(1k.2). -

. 10 -



r In closing the prasent varagrarh we mey mention that foraulas )
(3%.2) vod (3X.2) ave genmeral, ond Wey be aynlied not ordy to stoms,
bt also to soy given pardicled, Lwih more coupiexr, which are molecules,
suf simpdar, which ave elemsmnbary particles, speeificeliy siscirons,
protons aud nevdross: Formilss {34.8) tirough {1h.)0) are ccrpect For
sy elastronis magoetlic mosents, bud saslogoas Pormuliss are used for |
nueless sod rotaticnal wmomente, distingaished ouly by replastement of
the ¥ohr wagneton fip by the nuclear wagueton .. {at.x Parsgraph
2.5), resulting in reduction of all seales ¥y the Suncilon | ,...i My

! R aectonn &
iMoo M

1.2 Qanarel Visw of Zeeusn Spiitting of Specired Idues in o Veak Fleld

he pleture of Zesman spiltting of a glven spoctyel lipe 1z
daternined by spiittiog of the combining levels sad Ty eorvest selen.
ticu for the megnetic gquantiwn mumber. This, vhick eseording to (h.157)
iz corzect Loy dipoder raddstion, has tha form )

A iy e #iag =z i1, {1%.20}

where my onsd Ry Are whe mdgnetic quaatoe wailers of the conbining
kevels. Therefors; upon conversicn, the prejection , = m of sechani.

ettt s Cemree PRV N

o8l moment {sxpressed jn the unite B o i;}#i.b&r rensing vochanged,
. %
or chenges ty ¥ 3,

In conformancs with the rules 6F selsction {1%.20), in conver
alons between sublevels of two coxbined levels, two types of compcnants
oye chinined: e ocompopenis, Lo walch 'Am :::.-.emi ol 0 axd

g comptneats, for which 4m iy e Py em o] o T potedble
copversions between the sublevel levelsx J3 = 3 sdd Jp = 2 axe showsn in
Figare 12,2, The grosy «f 1t~ components corresyonis 1o the aunysre
sion M~ 71 (mz g ﬂ}. the lefhb group of 43.;;, noEnEEEe SOYesse
ponds ho the conversion M- 17 (0 - % * -1l and the right
group of  Ge- acEponents cgs.grmpomls to the converalon

. 4 HE— sy
ot~ e ity Py = L

. A iz e {3 ‘

The growp of ‘®e- coaponents (uﬁ& == {1} v twe grovge of

¢~ components{him == ], B == -1} sre dictinguished by
plevigation. The ®Ne compooents (pareilel sosponents) corresposd
4o Iinesr widbrstions of ths redlmbing dipaie parellsl to tha direce
tion of the fisld z, ths G compopwnhs {perpendienlar Qi}fﬁ}»ﬁ@ﬁﬁﬂ}

L | ,

Fodt
gt
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r'ccrreupcmél to circular vibrations of the radiating dipole in the plmé"
Xy perpendicviar to the direction of the field, as is shown in the

lower portion of Fgwre lh.2, In this, for Am ==-}~1 the direction
of rotation ie connected with the direction of the magnetic field in

clockwise direction, snd for AM == — | in counterclockwise direction.

The plerizetion of the Zeeman components dexrives frow the rela~
tionships of {%.172) for the components of the vector which .were
developed in Peragreph 4.8. The rule of selection Am =0 corres-

ponds to & linesr oadillator oriented elong the z sxis, and the rule

of selection Am = 1 corresponds to two lineer oscillators
oriented slong the x snd y wxes, oscilleting with a phase difference

of =+ :‘2" , which gives a circular vibrstiop. For dipolar radiation
we have criinary electrical oscillstors which from the classic point
of view comprise electrons describing hermonic vibration with accelerss

tion @ ==~ wir,where r == ryei®! (for the classic view of the problem

see end of the present persgraph). In models corresponding to the
quantum mechsunical representation, the dipolar moment of transition,

il.e., the matrix element of the component of dipolar moment periodi.
" cally chsnges with the freguency of conversion, or trensition.

Upon observation in the direction of the field, i.e., slong the
z axis, the . components will be absent, and only ¢- components of
two types, polarized in opposite circulsr direction (longitudinal
Zeemnn effect) are observed. Observetion perpendicular tc the field
direction (along the x or y axis) reveals both T~ and ¢- components,
both lirearly polarized in mutuslly perpendiculsr plants (transversze
Zeeman effect).  The direction of vibrations (electric vector of the
emission or absorption of an electromegnetic wave) for - components
coineides with the direction of the z field, and for the g. components
is perpendicular to this direction. )

The numbey of components of each type is easlly determined.
For the case depicted in Figure 14.3 it is equal to 5. The w.e
nenta correspond to the trensitions 2.2, 11, G-0, (~1)-(«1) and
(~2)-(«2}, and two groups of G- components correspcod to the trarsi-
tions 3-2, 21, 1=0, O=(-1), (-1)-(-2), and 1=2, 0=, (~1}-0, (-2)*
(-1) and (=3)=(=2). The total number of components is 15,

- 12 -
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| The disposition of components in the picture of splitting de- =
pends upon the relationship between the g-feactors of the combining
levels. The less the difference between these factors, the closer is
the disposition of the components of each group. According to formule
(14.8) and the rule of selection, we have the following tranaitions.

m—>m (Am == 0) . AE, . = (8,— &,)wplim,
m-41-=>m (@dm=-1) AE .\ m=
=[g,(m+-1)—gm|p H=[(g,—g)m+g]uzH }b.2)
m—1-—->m(Am=—1) AE =
= [31 (m—1)— gzm] pgH = [(gg - g2)m """gx] gt

. The disposition of components is indictted in the lower portion

of Figure 1lh.3 (for the case &\ =& 7 gg) . The &- components are

disposed symmetrically with respect to the initial position of the
nop~split line, and the g.components of each group are disposed sym-

metrically with respect to the displaced positions - gx"’mH'

The distance between adjacent components within each group is uniform

and is equal to (83. 32) ppH, i.e., actually is less with & decrease
in the difference € - 8+ The entire picture is on the whole sym~

metrical. The 1~ components +m —>+m, -m —3-m, and the g- components
o+ l=—3n end «0e] -3« are equally distributed with respect to the
center; for exsmple, 2 —~>2, -2 3.2, and 3 =) 2, =3 ) -2,

If the g factors of combining levels are equal, all the compo-
nents of each group coincide, and a particularly simple plcture, the
simple Zeeman effect, is obtained: <the primary spectral line splits
into three lines, the Zeeman triplet. This triplet is formed by a
non-displaced w.component and two C- components, symmetrically dis-
posed at a distance 3IgA/pH from the former. The picture arising in
this case is shown in perpendicular and longitudinal views in Figure
14.4, In the latter case the central non-displeced component, cor-
responding to vidration of an oscillator slong the direction of the
f£ield, is sbsent, and the triplet breaks down into & doublet with

. 2g,uBH. splitting.

-lu-
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L factor reletes Lo the level J = 1.

I the case of the simple Zeomar effect formuia (L4.21) gives
the transitions:

m—>»m AE, . =0, \
n + | —m AEM’ +1, i o gp.il'{,

(14.22)
m-—1->m AL, . o= gpoll. j

. With tne exclusicn of ceses of sccidsnial coincideace of the g
factor for ccoabining levels, whe simpise Zeemsn offect is obtsined in
& weak field omdy in a fev completely determined pertial cases,
namely:

L. In trensitions between :selii.’-»contaii_';fed Jevels, In this case
8 = 0, the complete woment 18 yurely orbital (J = 7). spd fur &1l
gelf-contalned levels g = 4. Zeecwsn triplets with normsl aplitting
jiyt sre obtained,

2. In btramsitions between levels for which zthe conpliete
orvitel woment is equal to zaro, L = C. In this caése [, = &, the com
moment 1o purely epin (J » 3), sad for all other levels g = 2.
Zeexan triplete with 2git BS;I, twice 88 great as normal, are chiained.

Perpendlcular e oo QUL e b o e Q-
Observation 5/‘3," i -
“"'-.'; ¥ o )
H
Longitudinsd e = o A {g{uﬁ - e . - e gl
Observation !ﬁ

O O

Figuve 1lk.h. Zeemsn tripiet.
2. In treasiticns betwoen level J = L and J = 0, The secopd
level (r = &) does not gplit, but the first splits into three sub-

levelsg, with m = O, Y 1. fThe gpectral line splits into three compo-
nents, giving & Ceemen triplet with pgiapl splitiing, in which the g

t
=
s

i



?” In the generel case, when g, # gp, A more complex picture, the ™
ctmplex Zeeman erfect, is abaerved in & weal field.

Extremely mi’ed Ploetures of splitting sre obtained 83 8 func-
tion of the value of the difference g - g, and the values Jy aad Jp,
waich are discussed in greater deteil below, in psregreph 14.4, which
is devoted to the typeés of Zeeman splittiog.

Together with the nunber of compcmmta and thelr distribution,
caxpletely deteruined distribution of the rwistive intensities of

G- coaponents and e components with different m veluss for given
values of the guantin nwbers J of cosbining levels is most character-
igtie of the compiex Zeemnn effect. This distriduiion dosa not depernd
upon the type of hond.

The general formulss for relative intensities are shown ixn
Table ik.1.

TARIE Lh.l
General Forsmlas for Belative Intemitwa of

Cougonents of the Zeemar SpLitting Pleture
{Tox transverse ebﬂervatm%

Trengitions ‘ . J» S~ J»J
g~ Conponests i ‘ 1 ,

Ml m T+ m+D -m) TV m+ D —m)
n-&m:’}:)f:n:f ‘ JAemy(J—my e
. ‘:;::'?««Gnle?ﬁn , | “,}{ o "” m~+ 1} (J/ — m) ;;" (J it + D m) |

These formalas £ivst were obtsived on the busis of sxperimeatel
dete in combinstlon with The eclassic represestublons of Crnetein and
Bumm in 198k, afber which they were derived on the basis of the ﬁ.;.ﬁ-

ciple of congruence of Kromlg end Goudsmit, indepsndently on Hemle, in
1925 {236). They are readily obtained Irom the dbasic guartur mechanis

“«*&L formslsas for matrm eiementz of & vector (14}, and slec ey e |
derived by group theory methods {138},

- 16 e



The intengities are glvea Jor trepceerg. observetion. In the
suge of longitwdinel obasrvation the intemminy of the ¢~ componwnts ls
twolold grssber than in trausverss sbeervation. This is concested with
the fset that g lc ngimﬁ nal ohservation circular polarizstion is obs
teinzd, and transverse viorebion slopg beth the x ¥ axes mst be
taken into account, Lut in treogverse observeslion liassr polsclzsiion
i obbained, coryesponding to wibration along the souls perpesdi
tae dlvection of ouservation, apd only this vibrasion need be

inko sonsiderstion (for exmuple, wibration a«mn&, The ¥y eXif in chserTss
tion alupg the ¥ axis; of, Figure I4.%). In other w:ds; in the first

case 9o oaed Uators vibrating aling the n:ri ¥ omaes aye observed,
and in the second csse only one of thaese c..»_tc:f:.k.*at zzm iﬁi chaerved,

's};\ombts HE B =l BY G
mhieel, which slso derives

g w with ~n the fodoelas
*cm g b, and tk,ce o
GE TOW B e L e—Pm, fod

netrically ddsposed in *r,m Lewtprs
from the forwmdas of Teble b, 1: upo
of the oV feepm 80t Ty themselves
lea of rov w4 L een comeﬁ: indo bhe fr“mm
conversely (g« aoponents ). Because of this the splivtisg pleture is
gyumetricel not only in relabion oo dlspesilion of sowponents, bub
2230 ln reistion to distrilation of ivtensitiss. The waluss of ths
ralstiva .’IXbCh"lu-LQS for the case Adepioted io Figure 1.3 ave indl-
ceted by the figures sbove Yhe '*orres‘pnnﬁi*zg; conponants . The problem
of cli:s*mbuuu.a of intensities dn various capes will be discussed in
Parsgragh 1h.b, in & sslective revievw of types of Desaas splitting.

The intensify of splitving of 4

B

it way be unohed Lost the toual Lotensity of al’ DReILS
is sgual LO tae bobal ipntensity of all g-components (bc.ukz Erouns i,

which nay p::m-ué by summgrdzstlion of the fowoulss of Table Lh.1
for all ve uwz of v from +Jd w0 3. In bhe pariionier oose of ths

simple Zeemesn ifech the intensity of the centwal W auporent Is
equal Lo the ¢ intensities of both . commonents {(heving identi-

s of
cel intenszity).

We inovegtigatad the plotues of tne Jeensn &
frield and olavified the Sact

Itting in & wesk
i o b Q;FO.F‘S.‘&.‘ TRGE £ Complex
Zesmen effacy is obtaioed, leeddny 4o & sisgle Feswsn elfect oaoly Lo
individusl partiouler seases, when sriplets are observed. Origluslly
it was congldered the noroal case, in confomance with the classic
thesey of the Zsensn effgct and the ders of Lorepis, with the appexr.
anez of trupletns, and this was refayred to 28 the norpsl Doemen ef-
feot, with A more conplex gplitihliog pl c*'tzu.a_" rrad t*» tea &0 B0
alous Zeeran effect. This rm«mu‘u., :y, - u o encoune
tered gt present, Le outmodea, and 1t ls 8L
effect ic the genersl cese of g f B e s oo csdld

1
- G N . Yy g % s
#STact. e Dar besn

5

.
,.-.‘Ll whe e

phe partionlar esse in which g, 7 &

. F DY m gty oy o w
“hone in bthe foiegoing . -

©



- The classic theory doces nct offer an explanation of the com- B

plex Zeeman effect, but it does ensble an elementary and very graphic
explanstion of the simple Zeeman effect, with which the quantum theory
is in sccord. This explanstion is very simple if the concept of
Lermor precession of electronic orbits and orbital mowents connected
with the latter in & magnetic field are utilized, and the explanation
is based on investigstion of the vibrations of a quazi-elagtically
bound electront,

Let us dssuse an elebtron under the effect of s quasi-elastic
force vibrating st o trcmwﬁwy of vo in & direction comprising &
certain angle § with the direction of the masgnetic field (Figure
14.5). This Linear vibration may be bhroken down into vibretion along
the direction of the field, and vibration in the plun perpendicular
to the direction of the field.

V3 Vil

Figure 14.5. Analysis of the vibration of an electron.

#) In the classic electronic theory these vibrations are
cbtained :tor & point electron in sn atom, the positive charge of
vhich uniformly f£ills 2 certain sphere (Thompson atomic model);
the force acting on the electron in this case is proportionsate to
its distance from the center of the sphere.

4

——
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™~ Thig £ield does not met upon the vibratiow along the diree« -

i3 §
“tion of the megnetic fisld, snd the TraQuensy of vibrastion vy rommlng
u.m:hmgcd,¢ Wa have & linmer oscillastion oriented in toe directicn of
“he fleld and glving waxinal redistion in the pl&ue jerpendiowiar Lo
the field; vadistion in the direction of the Lield lo sdsewt. From
the quentum point of view, & tressition vith At == , the - compo-
nent of the Zeowan txipiet with linear polarization &.».ﬂuﬁ the direction
of the field, also coxresponds ke this cscillator.

Ligear vibration perpendiculer to the field (of. Figure 14.5)
way b2 broken down intoe two circulw vibratious ¢f one-hel? e«smiwde,
with oppoead direction of votation™, mth respect Lo the ooordinmte

eif
gystem roteving with the Lsrmor lregquency v m,

(ef. formuwie (2.70)) they will have ithe earlicr fragquency Y«
ThereZore, for elrouler vibrabion with direction of robeticn coloe
cldent with the directicn of pweceselon the freguenay v, ««{m ) f,‘i“ E1Em

taiogd, sad the frequency v, ~—¥ f is e;lswmed for vibration with ope.

0
pouite direction of roledion. As e I‘E‘.'i.lb{, ve ohtain two fregquencies
ot vibreblon, dispisced with rosprot to the opigiusl freguency ‘Z; Ty
the value

e Fi
v, m= e
- L + Grmge ' {ik.23)

*Y he rotation X == 4 CO8 Zmvt, y=0 RAY ne Teprassnted
in the form '

4] .
X = ‘} cos 2n “5{;“ ‘{"’ i LO8 2«‘:‘\!‘}_, R

SRS

2

. a .
sin 2oyl o 5 sit 1yl
1.0., 83 the breakdown of eircular vi‘nmtie:m we. hive

X - ‘;- cos 2uvgl, & 1:- sin «?’ﬂ“oi {rotation Trom = axis to ¥ oaxie),

7] &
and. cirenler vibratlon & s p (68 gty ¥ vmoem oG Amegd
A

(rotation from y exin %o x suts)



From the quamtum point of view transitions with |Am == 1. also
correspond to & circular oscillator in the xy plane, with frequencies

1% £ v, vhich trsnsitions consist of lg« components of Zeeman triplet
with circuler polerization.

The energy of the emitted or sbsorbed qusats is eﬁtainea by
muibiplicetion of the corresponding frequencies'y, andvy v, by the

constent h. Taking into considerstion ; ¢k = i (e2. (2.46)),
we cbtein for these energies: | 4mmec B
Linear Vibration ’ Ey == hv,, )
Con 2z Axis |
1
| — ehH : :
Cireular ‘1 E°+AE --hv°+m xhvo-‘\-p,gﬂm }(l‘*-?&)
e, | | et |

Exactly the same picture of splitting is obtained as for g = 1
sccording to (14.22). In this, polarization is determined by the
character of vibrstion of the corresponding oscillators, but the io~
tensity is identical fur vibrstions slong the x, y and 2 axea, =0 that
transverse cbaervation gives en lntensity of i-compments equal to the
swz of intensities of the /8- components, snd in longitndival cbserva-
tion 15 twice as great as the intensity of the - cowponents.

Thus cn the basis of clessic represextations the :imp.fle‘.z.eemm
effect with normal splitting |i pH is completely explsined.

Tt may be noted that we heve coincidence of the frequency of
trausition between sdjacent sublevels at normal splitting
8E __ 1 ~
R Tk h
megnetic moment \Fl == — ol around the direction of the magnetic

|
‘P"BH with frequency i"l. woe B of precession of orbitel
i s
£ie1d. Congruence also ia obtained for splitting other than normel.
For sn arbitrary megoetic moment b == ThJ == -;‘1- 1 ‘bJ T
]

the frequency of transition between adjacent sublevels in the magnetic
L

A’?

w



£ !J»Bi' 4

Tt1e14 N Rl which upon consideration of (2.46) is equsl h
'ﬂ"‘BH 'E’H Vo ~H
T mmieem fm e x| 804 colncides with the frequency v mm g S e o
T h- 2n 2 2n

of precsssion of this morent, determined by formula (2.59). Thie
congruence is subsitantisl in the visible track of magnetic resonance
(cf. Paregreph 14.6 below).

The complex Zeemen effect for syscirsl lines chtalned in tranzie
tlons between two Jevels with different velues of g, i.e., levels cor-
responding to 4ifferent magnetic mowents (snd conseguently, eccording
to vignal representation, &iffercnt angular apeeds of precession) csp-
not be explained by the principle of the clasgic theory.

All the foregeing ol the preseat psrigraph reiste to the Zeeman
effect for dlpoler transitions. For apectrsl liree obisined in mag-
netic dipolar traneitions the rule of pslectlior is the zzme as for
ordinsry dipolar transitione (ef. {(4.157)), =xd the splitting pictute
is exactly the sams, The sole differsace congists of the fzct that
the electric and msgnetlc vecturs of the eulited wave change pleces;
with transverse observaiion this leads to an exchenge of places of the
plene of polarxizetion for the =n- apd g¢- compovants. For spectrel
lines obtained in quadripoler transitions the rule of zelection
(%.159) obtaius for m; 1.e., m way change not only +o ¢ eud & 1, but
also to & 2. The spiitiing picture becomes cougliex; the properties of
polaxization of components alzo are more cowplex. This type of Teenan
effect i3 obgerved for many proiidited lines, perticularly for the 5577

i line ip the spectrum of the surora poleris corresponding to the
quadripolar transition 'Sy 1Dy for 0 I.

1.3 The g Factors im the Case of & Wesk Fial

As we have seen, the megritude of the Zeenmn ngplit depends wpon
the value of the g factor, and the differsece in the g factors for
corbining levals determines the distance between components in the
Zeenan splitting of apectral lines. The value of g foir & given level
gubgtantially depends upon the type af Loud.

In the most importsnt csse of nosmal bond the value of the g
factor for a level with & given value of Quantun nuvbers J, £ snd L is
determined by the famous forwila cf lande {17}¥.

v ve

- #)Whence the g factor frequently iz called the Yawde facter. .

"3
w o Gde ™
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_ JU+DF+S(S+)—L{LS1 | A
=14 SSIN_LEED ()

In the particular case of purely orbitel moment (8 = O, J = L) this
formule gives a velue of g = 1, and in the particular case of purely
spin woment (L = O, J = 8 it gives a value of -g = 2 in conforménce
vith the main formules (1k.3) spd (1k.4), representing & particuler
case of the genersl formula (14.8). In the genersl case, when both L
and 8 sre distinct from zexo, formula (14.25) leads to different values
of g which, however, display completely determined regularity. At
glven vaiues of L and 8, i.e., for a multiple term, the differert
values of g usually correspond to different values of J.

Table 1.2 coptains the values of the g factor for multiples
from 2 %o 7 (from 1/2 to 3 S) and for values of L from O to & (i.e.,
for 8-, Pv, Do, F~ apd G-terms). As is customaxy, the values of g
are given for each multiple individually. The values of g are
presented in the table in the form of normel spd decimel fractions.
We see that g iz teken both ss & velue between 1 snd 2, at & value
less than 1 and e negstive value, and also agz s value greater then 2.
At L > 8 g increases with an incresse in J, at L < 8 it decreases
with an increase in J, aud at L = S (which is possible with e vhole J)
1t remains constant and equal to 3/2. At given values of L and S,
with the greatest poseible J we alweays have g > 1; Tor the S ternm it
is equal to 2, after which it decreases with sn incresse in L, ap-
proaching the value g = 1. With the lowest possible J, at L > 8 we
always heve g < 1, and it inereuses with an increasc in I, also tend-
ing toward a value g » 1, but for L <€ § it {s greater ther 2 and in-
creases with an increase in L (attaining its greatest value &t
L=8~loratls=9=1/2" :

For doublets, and perticularly the case of one electron,
formua (14.25) assumes & very simpie form. In this csse 8 = 1/2,

J=L3%1/2, and we have

1
at 1 L+1 Jt+7 ]
J=L45 g= = .
D) H_,_l_ 7
2 (14.26)
1
p) L-{-{,— JF1 |

L
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! It may he oted thet the wun of these values iz 2. For the

2P gplitiing of the “Puy, level is twice a4 grest as spiitting of

terih

the

2P,, level, tbus the Gifference in vaiues of g iz egual to ....,...;}‘.I./.,m
&
and decresses with an increese in L, tending toward zerc &t L —» OO,

Formule (14.25) for the g factor mey be derived from graphic
congiderations cf the precession of magnetic moments. The ccmplete
magretic mokent %, obteined as a result of eddition of the megnetic

moments W end fl, (ef. (2.78)), where B, = By e gﬁ"‘ﬂ"l aud

s x ) TyY + Fe e 4 £
P, == '{th = g‘zp,s,‘z will precess aromnd the direction of

ke ccuplete mechanicel moment J = m,1+J 5, iving the projection
{ef., Figure 2.7):

i = p, c08(J,, J) 4 pycos{/y, J)=

o g‘l}?.ﬁt ] COS (‘, ¥ J) - u‘ i C03 (Jf . . (l
According to the relaticnships Jg wzz (J - Jl) d Jx wzz (o e Jz)
we have:
2 2 A
P i Jt S o i
' S s COS (g, ) T e

Substituting {(1%.28) in (ik.27), gives:

J2 4 Jt — ,2 j)‘_ . ,.’,2 — J2
‘ J'l 2 __ 2 e
L e P’ j [gl .-.-....:f:-—{!m{.. wd g j + l”) ___{E‘.}
B L 272 T By Ty T | s gL (L

)

d 4] )
Substituting 7, J| H J’g by J(J4-1), Ly A1) ena

sz (JQ+ i\’ we¢ have

g JIADH S D)= (S

& W TFD) +

3 J(J S )= L (S = 1) = Sy () 4 (3
B === TTED ~

) T r'y

4%.29)



'The vector

p=p,=—gee, (14.32)

representing the aversge value of n;neﬁc‘ moment of the stonm, is
oriented within the external megnetic field, giving the projection

By = (P'J)g =g P'BJI = — gppm, which, when inserted into

(14.1) gives (14.8) with & value of g determined by the general
formula (14.31). In the particular cese of Jy = L, Jp = 5 and slso

& = land g, = 2, formula (1k.31) leads to formule (14.25).

Formule (1k.25) (a8 ip the case of the general formule (1h.30))
xay be obtained by purely quantium mechanical mesns., For this we must
start out rrt_)m the operator of projection u, of complete momentum

prxfy, oo o= nl —2up8 (o2, (2.48) and (2.55)),

‘;‘: Bs + sy = — iy (Ly+ 28,) = —up (] s+ S:) (k.32

and compute the average value of this cperator under the condition
vith giver values of L, 8, J axd m (cf. (1%.13) and (1b.14)}):

thy = "“Bf"’:.lm (Y/:+$3) Vaym 4% = ‘ ‘
~ UM — jp f VesmSsboym dx. (34.33
The average value of the operator Sz is proportionate to m, end
ss indicated by computatiorn (cf. for exmmple, [131]) is equal to

e L JUED+ASELD—L(L 4 )
sl m D) -/(J+l) N i {1k.3h
Substituting this result in (1%4.33), snd writing p, ==,

according to (14.15) in the form— gugm,ve obtain:

J(+1 S -
fg =t~ g/ — iy ( + )+gl((.;:-11)) L(L+l) m ==

s - gt"'smt (134-.35

whence it follows that we derive (14.25). We have & concrete exmmple
of the determinstion of g (and thus alsc »f the gyromaghetic reletion-
ship 7) in formula (14.15).

k. A



Obher formulas fox g facters are obialned foy other g fsctors, 7
expressed through the walues of the g favters for accumnlated scoents
avd depending upon the order of vhelr widiticn. In psrticuler, with
{4, .11 ¥ suhetitubting dy = Jy and J5 = Jy dn (14.30);, we obtein the
Lormele
e g JU b “*“’fz i+ —falls+ 1) e
678 20+ 1)

S At ot "*fs{}'t_"ﬁ;'i}
27 (/ -4~ 1)

symetricel with respect to “che quentum noabers J, aod J, wideh

determine the mowents f; and g {vhe sum of which fgu*«'a:s ihe mompent

"f

{1k.36)

J == fy b fo). The Zactors g, end g, characterize the oviginel
status mt'. electrons and depend upon the guasnius manbers zfx, ;‘“: sk

2

given by Fformals {14.28) (in whish the' following substivuticuns mst

;| !
52. _/fj (Sl = g o ) Ror these statuses. The vaiues g, and go ave

be meds: [ oo [“ E=- j’t i [ o= ’5‘4 o jg aud mey be teken Lrow
Table k.2 {for doublets). The values of g fox the (I, J) bond for
twce eledtron coafligurations Lormed Ly #-, y~ and deelechrona sre glven
in Table 14.3. The velups of 3 at verious possibie values of J (as ip
Teble 14.2, in the form of ordinary. and Gecimal frsciions) are given
Yor the given enufigurstions ip the rows correspondlsg bo the delinite

vher
valves  Jio Jo (Jy “-'11 x ‘l:n o=ty Yy o

e the trsogiticn from one type of bond Lo m&r‘s,t‘ﬂer the g Tao-
tors of the indlyviduel lovels g;’sdmhlvy amm;gu s adtbough the definite
male of swmy aaky be applied.  fcedrding Lo this ruls the sum of g
valuee for all leveais of the sondlguratiosn confndered wiﬂx the given
value J {237, 13) is retaiosd, regardlecs of the zype of bond:

m“;, o () ==const Given ). {1k.57)

For exawple, for the condiguration dp hi Permsgreph 9.1},
gliving four levels with J = 2, ilncluding three levels with & » 3 and
J = 1, and oue ievel with J = L epé o = G, rude (1%.37) s3 fuifiiled
for wnch of these typez of levels, for boih ormsl bead and (,;, ,;,\

'b
Lbond, ez well s2 Tor all internediste cuges. (»n varticulsr, for the




Pt ‘ W}
’ unique level with J = 4, which 1n the cess of normal bond is the PF 4

level, and iz the cese of (J, i) bond is the i(sfg. 3/2}49,1@“1, th
velue of g resains unchanged and squal to 1.250.

In the cm of W conliguratics the value o g is retained for
the unique level with J = 1, and the suw of velues of g for two

levels with J » 2, In the csse of ths level wigh J = 1{1(3«"*’1 in the
vase of normal bond,mﬂ;('ifgv. Yol in the case of the (§, J) hond)

g = 1.500. For s level with J = 2, we have in the cage of noymel

vond g Py = 1.500, /g (P, = 1.003, and in the cese of the (3, §)
bond (& f(‘*/i- 2,’2)2},,, 1.167, gi@[?, 3/2}21 m 1.333, i.e. 1n both ceges

the sux s equal to £.500,



TADLE 14,3

The g Feotors with (5, )} Bond, for Two-Electyon Configwratione

gﬁﬁiig’m e 1) Jul 2 3 ) 4 5
2
ss (/2 9) 2,000
ps (s, 1) 1!;’ v
Gh My | LI6T 1,500
: . N Hfy
ds Gla Ha) 0,500 i, 100
1816 4y
() 1.067 1,35
3y
(‘/I' l/i) ‘ 0’$7 o,
Qs s
pp (3./!7 !;3)‘ 1;&1) 1,1%7
4 s 4 ,‘A
Gia 3D 1,333 1,333 i, %3
‘ 5 23/ i
Ot | 08 0557
/e i€lis ¥/,
dp (s, %s) 1,067 1067 | LosT
[}
. (/s V) " !10,0 é?:’ xli's!fi -
3 / X ¥X3 {
(a0 3 it | 4 1558 1450
4 M (/ ) 4/
(’/ti ’/Q) 0,, O,an 0’860
’r"i 7 cs‘m ' !l/,
dd | () 1,500 xzz!?s.f 1,088 1,05
: iz / &/ un
("2 %3) 1-2&) 1,2 1,980 \ i.;)() | k,éi)

In the sinplest cases, such ss the p° coufiguration, the
change in the g factor of indlvidual level: irn trensition from one
type of bond to snother may be ccupletely calculsted. Observed
values of the g factior may serve as & oriterion (fogwther with the
disposition of levela) of the alosepess of bond to the llisiting
cue.
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In the interpretation of complex spetrs the rale of sums -
(15.37) may be applied for testing the correctness of thie iuterprets-
tion. If the deteérmined qusutum nunbers are correctly ascribed to the
individual levels, the rule of sums must be fulfilled for levels of
the given configuration with the given velue J.

1.k, Types of Zeeman Splitting of Spectral Lines

iet us consider the types of Zeeman splitting iv greeater de-
tail. As mentioned in the forégoing, the type of splitting pictuve
depends strongly upon the difference g; - go, and upon the values Jj

end Jp. In this, the values Jl and Ja deternine the nunmbexr of compo-
uents and the distribution of intensities, and the differsuce g, - &,
determines the distance hetweex} conponents in each group.

The positicn of individual coxponents in the splitiing pleture
way be found according to formule (1h,21); in this, the following
outline, which we include for s particular case of combination of
Tpy  end Top levels, with normal bond, s sdequate for finding the
aplitting picture. For tus first of these levels g) = g("iF3) = 1.500,
sod for the second g, = 3(7(}2) = 5/6 = 0.833 (for the value of g of.

Table 14.2).

m = 3 2 ! ¢ -1 -z -3
: - - -g (1k.38)
Soed) b it A
A P PAN AN I" N //
76': (‘9? n%) \?; x,g_f ~g” \.} .Zél

Here the values for both splititing lievels, equal to w8y and BoRy, (ct.

(14.8)), are given in unite of normsl splitting Pypf7,. The transi-

tions with Om ===0, i.e., %= components, are indicated by solid

lipes, snd trensitiouns with Am == I |1, i.e., g-components, sre

indicated by broken lines. The positions of the individual components

in reletion to the primery lioce are determined by the difievence o &y
, 6 _ 10,8

- myg, . For the - components (A m = 0)we have Tz

.?2:.- (55 =% , 0~ 0= 0, ete. As s result we cbbain: 8/6; 4/6, O,

- 3l -
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T-L/f6, «8/6. For the g~ covponents we similardly odbain: 17/6, 13/6, T

9/6, 5/6, 1/6 (st Ham = w e By ©F 1} end -1/6, - 5/6, -9/6, ~13/6,
~i7/6 (s An = B, - By wdk). The ploiars chtained, as is esphraized
in Paragraph i%.2, is syswetricsl with respect to the position of the
primayy Lline. The ccxsbant distance £ » & hetwesn odjacent compo-
nente in esch grovp in the given cese is equsl to

(3

S = b

: 3 = 4.2
& - S s K]

The result cbtained is written in the folloving form, indie
cating only ocos~hall of the componente

D) { i8¢ 7
) (2 {4) (8) ; 50131 ’ {1k.39)
vhere the T{ components ere in parepthesxzs, which sre lacking in the
longitudinel view. The dencoinator in forenlles of this kind (some~
tines oalled the Runge desowirator) is the leest sorwon multiple of
the g, exd g, fectors (which in ilhie given cese 1s eguel to 6).

The saoe yesult mey e written i decimel {ractiong iz the
sorm:

(0) (0,667) (1,333) 0,67 0,833 1,500 2,167 2,833, (ik.k0)

. The relotive intensities of the compapenits may be determinesd
according to the formias of Tsble 1k.)l., Numerical dats for the prals-
tive intensities of Tl-conpononts snd &. components (for trapsverse
obzervation) for the transitiona J—PJ and J -3 J = 1 with whole
values of J frok 1 to 4 and with nalfevelues of J from 1/Z o 7/2 ave
shown in Teble 1.k, For convenlence (ne intensity valuer given by
the forvaias ol Pakle 14.1 &ve muditiplied I £, Por the trensitions
Jwrdd anG J ~-3J ~ L & Zupctior of intemsiiy different fyom m is ob-
tained. For the trausitions J--3J most iolense . compontsts with
grestest velues, and g- components with least values im| ere cbtedined.
¥or the d —$ J -~ 1 treneitions the most Lotense 7L comporente with
+he ieast values of Imj , nod for @« compovents in the group
m o+ 3 -~dm the intepsity incresses with an incyesss in 1, =pd ip the
group & - le==Pm with s decresse ir .
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a
Va

- :
b According to Table lh.k the relative intensities in the case ‘}

considered, 71'3 - Tg 2 (§ =33 - L transition, vhere J is whole;
Jw3, J=1=2), are 10, 16, 18, 16 and 10 for the i7-ccmponents,
and 1, 3, 6 10 and 15 for ¢. components. The most intense 77- com
ponert is O 0, for which displacexent is equal to 0, and the most
intepse ¢- component®s axe 3 - 2 and (-3)-(-2), for which displacement
15 equal to & -l% =X 2,833, These components are ncted in (I14.39)

and (14.40), s is custowsry, by bold fece type.

Yo% dg-aser o('F)=1500 g('6,)-0,83

L I

The picture of splitting for the line 7?:'3 - 7{}? is zhown in
Pigare 1k.6. In the given case 4 g = g (73‘ y- & (7612)-’e 1.500 ~

0.833 = 0.667. The length of the Jninﬁ,}ﬂ 18 proportionel %o the inten
sities, with the - components plotud shove, and the -0« components
beiow the bage lire. As aay be seer' £rom the figure, Gthe lateral

0. components and the cemtral M- cx:ompcnents have the greatest intensity.

The splitting pictare may be broken down into three types sccord-
ing to distridution of inteusity, which are illustreted in Figure 14.7.

The first type of distributicn of intensities is obtained for
J -3 J = 1 transitions at g; 8, (Figure 1k.7 a). Of the 77..com-

ponents the centrel values, correspopding to winimal (mj bave
grestest intensity, and the externsl values, corresponding to the
, greatest Qmi are the most intense for the ¢- components. Thus tke
[y .,.!‘

s I



ey

[ntengity of 70 cowponents drops from the seaber of the group toward ™7
the edges, and the intensity of the ¢- ccmporents slso dvops toward the
¢dges of the spiitting picture, giving & dimirution toward the outside.

6% dr--ﬂ.w’
"‘7T§“” ‘) ; . '~il"'

SRR

| 9()-1367 g R)-igm

Tl b0 g 1] | ortsm a1
!H“h,, K3 ' ”'”j’”
' ! ) N

I A
%% 4 g~a/33l i 1y 0 | 9% 0008 o%6,)~1.267
~ TPy re ey LR RN

c)

7

Figure 1k,7. Three types of Zeeman splitting:
8,) J "»J - 1‘} SJ < 8‘7“'1.‘

B) Iy I~ 1, 85 > 854 g} J =2 d.

e second type of distribution of intengities ealeo is obtaiped
for § --»J - 1 trauslitions, tut st . > g1 {Figure i4.7v, and

also Figure 14.6)., Of the %~ comp%na:zr-’;;s the central values ars the
wost intensze, but of the d- compouernts the externsl walues are the
nost intense, because they now correzpond to the greatsct wvalue of

fm| . Thus the intensity of M-conponent.s dyops from the center o
the edge of the group, btut the intensity of the - camponents drops
from the edges of the splitting picture to the center, giving dludnu-
tion toward the inaide.

The third type of distrivution of intensities is uiiained for
the J —3J transitions (Figure 14.7 ¢). OF the T-components the most
irtense velues axe at the edges, sné of ths ¢- components those locaied
in the center of each group end corresponding to the least value of jaf
are the most iptense. Thus the intensity of the Ti- components die
cresseg fron Lhe center toward the wdges, »nd the inteunsity of the g-
gompo.nents drops from the center towerd both sides of each group.

Ll
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Figure 14.8. Picture of Zeeman splitting at large [gl -8 i aif.
ferences: i 2|

1; Overlapping of o components of both groups;
b) Exact coincidence of s components of both groups.

Figure 14.7 contains characteristic examplés of three types
cf splitting corresponding to 7{;‘:5 TFh’ 7!' - 7G5 and 53‘5 %a Gg
transitions, for which |4 gi‘ » 0,133, With an incremse in the aif-
ference lA g“ - “1 - gel the intervals between components in each
group increase, and the internal components of the two groups of

. components gradually approsch sach cther. The mternal ¢~ compo~
nents and the external 7l-components begin to overlsap; sn example is

the 7F3 - To, transition considered sbove (cf. Figure 14.6), relsting

to the second type of distribution of intensities. At large (g «

& differences the d.components of the two groups also overlap

(Figure 14.8 a); in this case exact coincidence of the & -components
of both groups is possible (Figure 1k.8 b). N

The presence of the three types of distribution of intensities
described ususlly is placed st the basis of classification of the types
of splitting. According to Back these types of splitting eare indicated
& types I, II and IXI.

f
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" mype x Type IL . Type III 7

J J=-1 J=pJ -l I3 J
- » 8;< 8., - ,¢J,>8J_l —

4

Back includes the limiting cases of Zeema:ifi;}l‘ple‘ba under type iV,

! A somevwhat more doteiled claxsificatior is applied by Hexrison
(240); he indicates Typss I, II, III as types 1, 2, and 3 for the
case of even multiples (helf-value of J g sod types b, 5 and 6 for the
case of odd multiples (whole value of J The liniting ceases cf the
Zeeman triplet ore indicuted s type 7 a8t J - 1 = 0 ()30 transi~
tion), sud as type 7 b st g, = &

Conclusions way be dyrewn with respect to the values J and g
for cowbining levels according to experimentslly cbserved splitting
pictures., ‘Iwo types of ceses muet be distinguished; the casa of a
conplsately resolved aplitiing pleture, in which sdjscent components
sre seporated from euch other, end the case of incoupletely resolved
plctures, in which ad,ju:em; camponents run together, frequently
obgerved ot omall velues of the differdnce ’A g| = ‘ & - 32|

In both casee the general charscter of distribu.tion of intensities
usually enstbles determination of whether ‘there sre coubining levels
with identical J values or different J vslues, and in the case of
different J values the level with the gresiteat g may be determined.
With complete rezolution of the lplitting picture the J and g values
may ve eazily found.

The possibility of finding the velues of J and g for individual
euergy ievels on the basie of snslysis of the splitting picture is of
greet importance in studying the Zeemsn effect for interpretstion of
complex atomdc spectra. If the levelsof the conligurations which uasy
be expected for the spectrum of the investigated atom or ion ere known
frow thesretical considerations or from comparison with asalogous
gyectrs, selection of the values of J and g may resolve the problem
of the type of bond which existe, and it may beé determined whether
the bond is close t¢ the normal quentun owuhers L and 8.

It must be poted that in finding the velu=s of L and 8 not
tables of the type of Teble 14.2, but teblees iu which the valuss of
the g factor are listed in mounting ordsr, and the level giving this
value of g is given sre used, Tables of thiv {ype are drewn up indi-
vidusally for levels of even and odd multiple terms, up to the miti~
piicity velues x = 10 and 11.

L



= Tne values of J and g with compleie resolution of the splitting™)
picture are deternined &8s follows.

The nusber of components also gives the value J. For J —3J
transitions the nurber of ¢f-components in eack group is equal to 2J,
snd the nunber of 7L-compounents is equal to 2J = ) for half-velues of
J, wnd 27 for whole values 0f J (teking into sccount prehibition of
the transition m = O-—3m « Q; cf, Tables 14.2 and 2h.4), ¥or J—3J
~ 1 transitions hoth the nuxber of o‘—cmponenta iz esch group &nd the
nunber of T-components is equal to 2J - 1 (cf. dimgram {1h.38 corres
ponding to I = 3, 2T « 1 = 5},

The valuas of the & and 8, factors are determined on the busis

of measurement of the distance between sdjacernt components ,
e~ g - & ; and the distance of 2f between the most intense «d-;i}

couponents of both groups. For these valuez we kave the following
relationshipe for the vericus types of trausitions:

Jrl—l g1<gs gi=Sf+U~De go=f+Je, )
Jop Sl g1 >y gr=f—=(J=1)0, gymf~Jes, (1h.51)
‘ ¢ ‘
>t gr=f+ 5 g,,_.,f,___%_.

Actuslly, for J —p J « 1 transitions the nost intense cf.come
ponente corvespond o |wml , equal to 3 - 1. Their positions, me- ©
cording to (1k.21) will be (in (P‘BH uni-hs)o

ot meeJo1 ltransition Meplme) s men)— 1}

&y =g —=D g, (1h42)
| et 8 m--—--.l+htrm1tmn Mmoo | 5% o [ oy 1t 22 o J o 1)

=(gi—a) (/=1)—g,
andl the difference between these pogitions is egual te

12[g) + (1 =g (/ — 1)} == 2f . 14 .43)

Hence f = gy - e (J - 1) atgl_c 8y €, * glu\ean&.fagi«ée (Jfl)
at 5 > 8, and A giving us the finai result {Jk.k1) for

g ==» J -« 1 tiransitions.



i~ For § 3 J transiticus the most intense &5 cmnpm.em,a COrTese —
pond to transitions with miuimel |m| , nswely (cf. Isble ld.h): '

transition 1/2 ~3< 1/2 sad <1/2 —~3 1/2 st balf-value J
transition 13 0y 0 ~del and =1 ~3 G, 0 ~—»L at whole J.

In the first case we £ind the posiiions of the components ace
cording to (14.21):

1
8L Mo — tr;mi-xrr'-}-l“s%m%mw'-m

3 ) dta |

b 1 X
) —F (g - &2)
{14 hk)

-

23] e 63 e

1 .
&t m oo e '(:trmi-i, A R -71« ~» N ==
P tion P

The difference betwsen theat positions ia egunl o1
ol +€x = ?Lﬁ (La.k8)
Then, taling & > 60 WO find:

St o= —8)+22m=24+28:=2f gitm=

= (g~ Zay = 28 2= U (14.48)

aad obtain the reswlt (A4.b4L) for J ~—¥ J trangitions. The ssume re-
sult alss is obtained in the second case, if the distance beiwesn
components is bteawen at 1?0 {position «f g,) and 0 —% 1 {nosition
of g }, or the d&istance betwemn the compens n%a O~y =) (position of

) a.nd -1 =30 {position of g;) or finally, the diztauce betwean
cexxte;rs of the pairs 130, 0 ol 8l Qe 1, =1-=30 (of. Flgure
1ig “

‘h

A

f

- o —— 1

Bt ot gl . i 02' R s o |
g g )
el G-t ¢’1- 7 -0

l?igure 1h.9., Distance betwesn conponents of the splitting picture -
for J ~>» I transitions at whole-value J.
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- The picture of splitting depicted in Figure 1k.6 may serve as —
an exemple. Let us sssume that the values J and g are unknown. We ’
have the distributions of intensities &t which the central 7¢ .component
and the extreme - components of both groups are most intense, i.e,

the case J —3 J -~ 1, 8 > 8p- The number of components in each group

is equal to 5 « 27 - 1, whence Jl = 3, Ja = J w1 =2, The distance

betveen adjacent components is e = 0.667, and the distance between the
most intense <. components is 2f = 5,666. Thence according to (1b.u41)
(second row), we have:

& = 2,833 —2.0,667 = 1,500; gy = 2,833 — 3. 0,667 = 0,833,

In the case of incomplete resolution of the splitting picture
identical determination of all the values Jy, '72’ & and gy is impos~

sible. However, in this case many conclusions msy be made relative to
the properties of the coubining levels. In sddition to relating

transition to one of three wain types according to the character of ,
distribution of intensity, it is possible to meesure the distence 2f,

between the centera of gravity of twe nonresolved maximmns, which

form two groups of of.componenits. For transition of the type J w3 J
the group of 7T-components also gives two nonresolved maximums due to
the fact that at pinimal values of |m| the intensity is minimsl and
& barrier is formed; the distance 2f, tween centers of gravity of

these maximus gives the second parameter cherscterizing the given
trapsition, which &t & given J enables determivation of the values
g, wd g, (238).

4

1k.5. The Zeemen Effect in Strong and Intermediste Fields

In the foregoing paragraphs we discussed the Zeeman effect in
weak fields in detail, in which the magnitude of the Zeeman effect is
much less than the distance between adjacent levels of enexgy (ef.
(14.9)). Let us consider now the cage of a strong field, when cone
versely, the magnitude of {he Zeeman splitting i1s mmch greater then
this distance (ef. (14.10)).

For electronic magnetic moments of the atom with which we are
concerned in the present chapter, having an order of rmagnitude of -
Bp &and for which the conditions (14.¢) sad (24.10) have been

described, the case in which the distance between adjacent levels is
deterwined by multiple line structure is of grestest importance. In
other words, the most important cese is the normal hicnd, when there
La.re ciose levels forming multiple terms with multiple line splitbing

o 46 -



lof the order ( (I, 8), in waich { (1, S) 1= the muitipie live split
factor {(of, Wspb g.53., At o distance heiwsen odjscent levels on
the order of (f, {1, 8) the conditiors {15.9) and (15.10) assuxe the
Porm:

vk sreia g H <UL, S), (25.47)
gtrong tield Bg H_'}}'C(L, 8. {14.48)

In cthe letter case it is impoasible to speak of indepsndent
spditting of esxch lovel of » glven muitivle 1line derm: o aplibting
plobure general for all levels is ootedined. 48 & ragult, in & very
shrong £ield & Teewman tviplet for the entire maliiple &s a whols, with

noveal splitéing: pBH 13 cbgervad lostezd of & complex Zesimn effect

Lor emch iine of ihe multiple., Thia effect, Lirst diseovered by
Pascher and Back ip 3912 (17h, 16) received the name of the Taschen
Beck effect. Tt occurs in sufficiently strong magnetic fields for
light stoms in which the Tackor of wadiipls aplitting t‘ is amedl
and may Suifill the conditions of {1h,.h8).

The Pagchen~Back effect is readily 2xplained on the basis of
greaphie rewresenteticng of the precsssion of magnatic mowentz; the
resulis obtained eccinclde with the resulis of the quantum mechsuicsal
theory in the 'st«‘r;ic%' SOLOT .

© The mm.u.al copditions {1h.43) mesn thet the scuplessntary
energy - {p, L”} endr (psli)at orbital snd spin megnetic womente in the

*n.agmtm field on the crder of i phg & 18 wach grester then tis energy
of spin oxbital interaction

ALS) ={{L, SY(LS) {ex. (O, &a}j

A*e.ord.wng o graphic representallon the angular velocitius of preces.
alon,

Py kg
() , S0 v 7R e m—— oo T—r W, o222 wme ¥ T e NP
e Vs e O v e s
:g .
{14.49)
fer o



et. (2.59), (2.45) ana (2.54)) of orbitsl and spin moments Z and § -
ixn the direction of the field become much greater than their angular
veloeity of simulteneous precession in the direction of the ccuplete
wonent J (cf. Figure 2.8, ¢, Jy » L, Jp = 8). As a result, the magnetic

field bresks the bond (L, 8) and each of the vectors L and § precess
sround the direction of the magnetic field independently, giving the
gusatum projections my and mg for this directicn., Thus at the seme

tive, 88 in the case of & wesk field, the complete moment J precesses
arcund its &ivection (Figure 14.10; ®; anguler velocity of precession

By

w 7 "{H ;’EE:’)H
wuch less thas the anguler velocity of precession L and § arcund J)
the momente [ and § precess arcund this direction separately in a
strong field (Figure 1k.10, b). In the latter case the quantun number
J conpletely loses meaning: the complete moment of the atom J is not
retained, and the condition ¢f the system is cheracterized by the
quantum punbers L, mp and 8, Dig.

The formulas (3k.3) and (1k.4) hold for the supplementary
energy in & maguetic field for L and for S sepsrately, and may be
written in the form:

for L AEy ==pgHm,, (1%.50)
for 8 AE,?S == 2up Hm g, (14.51)
iy H |
a) In a vesk
field;
b) In a strong
fﬁ** o> 14 Lield;
a{ I\ 5
2
/w‘[/

=
t.

s a} z Y o
Figure 14.10. Precession of moments. :
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ke complete suppiesnentary energy in a magnetic fileld ié equal to ~
== H (m, - 2mg). (1k.52)
Becmuse my 1s alwsys vhole and 2ms also i whole (even &t half-value
ms.,}: sublevels are obtained, the distances between which are whole
multiples of the normel split "'BH'
. Fermule (14.52) may be cbtained directly by guertium mechanicel
procedures by starting out with the type of operatcr of supplementary
enexgy in the magnetic field {of. (1%.11) =nd (14.32)). When the
spip-orbit;al interaction A (iS‘)my be considered swell in couparison
to the operator V e gl {L z +2$‘ 2 the projections of L and §

in the direction of the field must be guantized sepsrately, the
proper velue of the operator [, is equel to my, the proper value

of the operator :5‘2. iz equal to m,, and the sverage value of the
operator ¥ in the condition of the given velues of L, my and 8, ng

coincide with ifs proper value end are egual to {ef. {1h.12) through
(14.15)):

> L ] ] ]
V= f Yormysmg Hofl (Le+25,) bamys mg 4% =

= gt if Vaimpsmg ML+ 205) barm smg 4% = pafl (m + 2mg).(1k.53)

The rule of selection
Amy==0, &1 RAVSCTS
and
Am:; = {, (1h.55)

hold for the quentw: nunbers iy and ug for ordinary dipolsr radistion,

L i
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"These rules of selection are partial cases of the general rules of

-
selection (4.157), with prohibition of Amg== X 1, trensitions for

the spin megnetic gquantum number Dg, which sxe poesible in the general
case. :

This is connected with the fact that the electric dipolar
woment of the atom P Qepends solely upon ‘,ohe spatial coordinates
(ef. (4.33)). Stating tbe wave function '\P,,,b mg in the form
‘ ‘ )
where ¢, 1 (¥)  is & function of the spatial coordinates:y, and !y, s ()

is & function of the spin coordinmtes o, we cbtain for the metrix
element of the dipcler moment the expression

P’"L"'S'- m}_m's"“"; fq':nlms(y' ¢) p(y)‘i'mimé (y,0)dy =

' .
= [¥n, DP O em; )y D¥ms@Dbms @ (5, 57,
which reverts to zero due to the orthogonality of the functions

:4""8 (3) and "‘f’m's (3), 12 mg ¥ ml, which also gives the rule of selec-

tion (14.55). It ie noted that the given conclusion is correct in
the case of a sufficiently strong field when it is possible, ignoring
spin-orbétll interaction, to represent the wave function in the form
of (1k.56).

As & result of the rules of selection (14.54) and (14.55), in
e strong field, with transition between sets of levels of two multiple
terms e nondisplaced TT-component (st dm; - Amg = 0) and two sym-

metrically disposed displaced or.components (at 4 n o= i, 4 ng = 0)

are obtained, i.e., & Zeeman triplet with normal splitting .p/l. is
obtained. Thus in a strong field the siuple Zeeman effect with normal
spiitting must be observed.

The outline of trensitions and the picture of splitting ob-
teined are depicted at the right in Figure 1k4.ll for the particulsr
cese of transition between sublvels of the term 2P(L = 1, § = 1/2)
and sublevels of the term 28 (L = 0, 5 = 1/2). The values my, ng are

indicated for each sublevel, alsc the values of their suns m = Iy +oig .
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At the given values of ny and Mg the supplementary energy in & meg;netﬂ':
field is determined by formulas (14.52). It is noted thet for the texrm
2P we have AEmL,,smO as vell as at m = i ms =T - .1/2 aud at

@ o=~ 1, mg = i1/2.
The splitting picture discussed iz chtained when spin-orbital
interection nay be completely ignored. I this intersction muat be
taken into consideration as a correction uuder the conditiouns of
(14.48), 1ts megnitude may be determined resdily, being equal to

AE mymg==L(L, S)m,ms. (14.58)
ltronamii e meem
’*ﬁiﬁf’%{”f{fﬁf ......... o+ faee3f2
/2

fie1d field M-3/2
el | eld //

Lo 1. Laetfpm-yz
G g R R

/A .
N - e - 1f2 2= 2

\_......., 1 e oo/ = 232
sdnl a it
i Y

15, et e L e T
.,/g\

o~

=
}
E]

i
!

G~ Y2=-if2

L THE ——
. L

Figure 1%.11. Coupaxiscn of Bpli'gting in & weik Field and in &
2 o R P =4 ?.cv 2
strong field, for =P - “5 transitionm.
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r ASding (14.58) and (1k.52) we obtain the complete suppiementary’
epergy in a atrong megnelic field

AEm;mg==ppH (my 4 2mg) (& Symrmg. (18.59)

Formuis (14.58) may be obtained easily by starting cut from
the expression for the energy of spin-orhital intaraction

A(LS) =T (L, S) (LS) =L (L, S) LS coe (L, S). (1h.60)

At the ssme Time, e in & wesk field, (LS) has the completeiy deter-
mined value 1/2 [J(J = 1) « 8(8 + 1) - L{L + 1) (cf. (2.86) end 9.35)
in a strong field, when L snd § precess in independent manner and the
sveroge velwt (LS) = 13 coe (L, S)muiet be used. The cosine of the
angle between the vectors [ and § mey be represented in the form (cf,
Flgure 14.10 b).

cos (L, ) = ¢os {x, L) cos (x, $}
cos (y, Ly cos {y, 8+ cos (2, L) cos (2, S).

/

In averaging uhis expression the average walue of the Tiret two men
bers in the wight-hand portion is equal to zero {sngles & and § with
axis x spd axig y change independently), mnd in the third member

iy ms  a
cos(z, L)= 5~ o cos (2, 8"+ and thus

C(L, S) (L) =L (L, S) LScos (L, §) =

n
CL S) LS o~ =8 (L, Sy my mg,

i.e., we obtsln expression (ik.58).

Tuking ioto account the second mesber in (14.59), conditioued
by spio-oxbital lnterasticn, leads o the facy ihst subler=le with
diffexent, vaives of Bys g wili not De egui-dlstant and the splitting
picture in trsnsition between the sublevels of the two terms wiil only
approximtte e Zeemsn triplet, differing from it by the presence of
the structure of individusl components of the triplet.

For exomple, io the discussed case of . % (Figure 14.11)
transiticn, for the term 2P the meuber CEPYm m;  gives the
!

e }
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APy or thue subleve

1, g = &f 8 snd !

By # Ay Wy o= - L/R, ad the correstion fl(AFY fur the ccineidiug

w Ly m, = LR end Wy o® Ay Wy e - 1/2; the sablevels

o

3

sublevels ml

Spoe Qu om, ™~ L2 snd o, = 0, ;s 32 rataln bhedr pesition.  fhe
- wud nuE

.

P oy inothe spliiting picture reteing ibe posiiion, hut the

Fuoouponents widd be doubled, with splitting egual to {{F7) .

Diﬁ;ﬂmw&mt ol aut'“‘.ww.... wod & .,u.n’sm;; of g comprasnts are i
entad in wigh ad posrbion of Plgare B8040 A sedllar ploture
GRyrhad

Jg ob&;}.farvm ;'r t}:e:: firet wemheyr mt t:ae maan Li series,

, N u e GV S vy B4 ’ " N
by the doublet 8 "rfa% o g B 13"% g, wkth Q. 3hoen™ splitting
{of. Tavus 8.7), whacn sceording to (8.29) 1= squal o /0 vy e S (A,
% Yy o e . oy 0 .
whenos G028 ca™l. . In » oagoetic £ield of 5,000 gsues,

3

poeording to (15.6) the distence Jup M betwsen omosupiconts is

-2

. 5 S . s
2o 0.03k om™ = 1.87 an”™; the syplithing of these couponsmts Ls
equed bo L Py e 023 el
vt bine we have digovesed the Vsemen effest in
Piakds, indepenfently. Witk & predual lncresse in
the megnenic field, a g;"f;ima.!, C‘}’)@.ng!.“ the ayhf,,‘m mc"iﬂs‘aa& of the
levels faxe’ of the apeotrual linss slac otturs, cansisting of e trepsie
vion f% m the Zeensn u“’-‘i‘ac’c in week $ields wo the Zeeman effert in
greong fislds, e magoitude of Zeewan apditiing io wptermediate, op
medivm f 'e.mluae, s dn breasitlon fron weml o gtyong, 1w op the anmpe oprder

s 5 R ”. gt 0T depeif
g rudsiple-dine gplitning

To uhe p‘em

wesk and strong

e 8

ap M e G{L, ), (1h.61)
Bnd this grewtly complicates the eplitiing ploture. The dirtanes be-
twaen o J“,m-m;ﬁ does net change In proportion Lo the ma(.;m}' Ao Tield,

and the differsat cowpoiwnits Lehave diffevently. Opoplete cxugzuta«;z.wt,.f.l
e the splitbing of temes s complicsted end lesds teo tm"ulcw ;t"cmmﬁ.'l,a‘;ﬁ:;
&‘wh(mw #o gualitative p:_ ~'cm:ve- ngy be obteinad for dotecradiste flelds
without caleulabion ’wsm ;
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’ As we have seen, the complete mechanical moment J is not re-
tained in the transition from & wesk to & strong field {cf. pege i2);
however, the complete projection of mechanical moments of the ston in
the direction of the field remains constant, and reteins its value m.
In & weak fieid this projection is n = Wy where . asquires 23 + 1

velues (mJ = J, J~1; «.us =J) for the levels with given J. In &

strong field the complete projection is equal te the mum of the pro-
jections m. and ag of the noments Land §:

m==my -4 mg, (1k.62}

whexre mL = L, Lel, 1¢c0, «L snd Ty = 8, 8= 1, ..v.y ~B. TFor the
given term the nunwbexr of sublevels in & weak field asnd in a stroug
field is equal to the number (2L + 1) {25 + 1) and is identical for
the two cases, regardless of the conditions. In this, the velue of m
is retalned for each sublevel.

Retention of the valiue of the complete projection is connected
with the sxisl symmetry of homogeneocus magnetic field. In the case
of sxial symoetry this projectior is guantized independently of the
intensity of the megnetic fieid. In this, the operstor J, = L, + 8,

of the couplete projection of mechanical moments coincides with the
operator of ipfinitely small revolution around the direction of iths
field,

Knowledge of the vaiue of m is insufficient for comparison of
sublevels in & weak and strong fislid. Unequi~vocal compsriscs is ob-
tained if in sddition to retention of m the rule that different levels
with the same velue of m mmet not intersect in tha transition from &
weak field to & astrong Tield is taken into consideration., The given
rule s & particulsy cage of the general rile of nonintersestion of
levels. According to this rule, established by Wigrer and Newsnapn,
(203) if several quantum numbers are retained in the transition frow
one limiting case to snothey levels with identical sets of these
quantus nunbers may not interseci.

Bearing in mind the retexntion of m and the rule of intersection,
comparison of sublevels in a week field with sublevels in & strong
ield may be easily accoupilshed,

This aype of comparison is indicated in Figure 1h4.11i for ihe
case of the “P term. In a weak field the level 2P, ;, splits into two
'}

1
1
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Tsublevela with m = B, = 1/2, ~1/2, sad the 2‘5’3/2 zplits it four
sublevels with m = n. = 3/2, 1/2, «1/2, -3/2; o totel of (2L + 1)
(28 + 1) = 3.2 » 6 publevels is obtained, In o strong field 6 sub~
levels sare cbtained also, which we have discussed in tue fovegoing,
of which two (mL » 1, mg=-1/2 and wy * -1, mg * 1/2) cotncide.

The lower subievel, vith m, = -1/2, cotverte into e sublevel with
w o= 0, mg ~1/2, aud the upper sublevel, with my = «1/2 converts
into 8 sutlevel with m = -1, mg = +1/2, because there may not be sn

intersection of these sublevels in iniermediate fields. Similerly,
the lower sublevel, with my w 1/2, converts igto & sublievel with

m, = 1, mg = -1/2, aod the upper sublevel, with wy * 1/2, converts
W

into & sublevel with m = 0, m, = 1/2. Finslly, the sublevel with

my = ~-3/2 svd m = 3/2 convert into su’nle‘vel_n with w o= -1,

w, = «1/2 wad m = 1, mg = 1/2, respectively. The disposition of

subievels i indicsted in Figure 1k.11, taking lato conslderxation
the factor of muitiple-line splitting f , in accordance with (2k.59).

In other cases compsrison is made dn e similar maaoer. Chenge
in the splitting pleture of apectral Jines in transition from o weak
Tield to & etrong field also mey ba traced, but will not be discussed
&t the prement tiue,

. Our discussicn Las related to the case of w normel bond.
Bresking of thé (J, J) bond in a strong megnetic field alsc wey be

dlecussed in exachtly the same nanner as well as the bondé of any given
two vectors J, sod J,, forming f,he resultent vector J == J, A Lo
Supplemenm;y energy in a atroné magneiic fleld breaking the (Jl’ J‘z)
bond may oceur similarly to (14.52) {ef. (24.8)}):

ALm m,=pp H(g,m, - g, m,). (14.63)

In distinction from (1k.%2), however, the dlstence betwesen the gub-
levels obteined will not, generally ospesking, oe whole multiples of

-

l.the pormal oplit py /7, and Zeexan triplets with normel splitting will |

not be cobtalned,
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i Ireaking of the bond of various moments sy occur in several i
stages. Por exsaple, for triplet terms of two-electron configurations
the bond between L and 8 will bresk firsi, as has been described in
the foregolung, after which, in sufficiently etrong fields, the bond

between ((‘ and [12 and between s; and s, break (conplete effect of

Peschen~Back).

Tha prectical Zeeman effect in etrong and intermediate fields
18 Obgexved for light etoms and slso for nigzh terms of hosvy stona,
i.2., in cases in vhich splitting corditiocnsd by epin~orpital inter-
axtion is not very grest and does not exceed several ocm™,

In closing the present paragraph it may be noted that in come
parison of splitting of energy levels in magnetic fields of vaxioua
intensitlies very useful rules of swms nay be esteblished for groups
of sublevels with given valuea of quantum nusmber ®, retainicg spplice~
tion in & megnetic field, nsmely the rule of suns for the g factor and
the rule of sums for the megnitude of splitting (cf. (13)).

14.6. Gexeral Charscteristics of Magnetic Resonance

let us consider at this point magnetic resonance, i.e., forced
transitions between aublevels of Zeeéman splitting. Op pege 1 the
ganeral charecieristics of magnetic resonsnce., acorrect for hoth elec-
tronic megnetic resonance conditioned by electrenic magretic moments,
and alsc nuclear magnetic resonance conditioned by nuclear moments,
plus rotation magnetic resonsnce cornditioned by rotationel magaetic
noments were given#,

Trecsition between two Zeeman sublevels of & level of given
vealae J and having identicel ewven numbeir is posslible, according to
the rule of selection (&.154), only in & megnetic dipole ard in
quadripolsr radiation. However, in tihe radic frequency range c¢f the
spectrun the probability of quadripoier trsunsitions in comperison
with magnetic dipoler transitions is very swall (the probability of
quadripolar transitions rmuch faster than the factor [v? decresses with
frequency ), and cnly thw megnetic dipolar trsasitiosns, the probedility
of vhich is determiped by the wagnetic moments of these transiticns
(ef. (4.73)) need be teken into considerstion. Actuslly, according to
(k.85) the ratio of the probsbility of quadripolar trensitions to the

*) MKagnetic resonsuce, conditioned by nuclesr wmoments, will
Pe discussed under Caspter 16, aud that due to rotationsd mosents
sre discussed in Chapter 19. ' t
b o
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[probability of wmagnetic dipolar transitions has the following order of-
wagnitude S

L (ke

o A(MP  plauad), _ (_})’J_Q_ﬁ

Almag) T plaeg) Mk
v
For the wave length k===l CM ( : ==} CJ&"‘}‘W find, sasuming

-l - . ’
Qavedd re5- 1070 1070 = 5. 1075, v s 1079,
that the ratio & is on the ¢ider of J.O"m_; i.¢., 1% is very ssuall

Thus the transiticns beiween sublevels of Zeeman spiitting axe
conditioned by megnetis dipolar readlation.

It is very iwmpoztant that the probability of apontsneous trepgi-
tions betweep Zeeman sublevels is insigrificectly swall, and that spone
tanecus emanatiop iz lecking. ‘This is generelly characteristie of
trensitions with radiation in the redlc Ireguency renge of the spec.
trux; spontanecus epsnetion ig lsckisg under oedinary conditions, and
oy be observed ocnly in exolusive cases®. As & rale, forced trsusi-
tiong -~ sbsorpiion and forced ewanstion sre cuserved in the redio
freguency range; nagnetic rescnance congtitutes a partial case of
forced transitiocns in the redio frequency range of the spentiuma.

The pxcbability of sponteneous transitions hetween suble;r;i».
of Zeenan splitting may be evealusted essily, sbm“ng oub with the
formuls for magretic dipolsr radistion (of. (k.85))

(m@ == 3. 10'”( ) |2 For splittisg csused by electronic
maAgnetic mowente having the Bohr magweton crder of ?’B ~ 10~ erg/
geuss (e£. {2.57)) ve obtain, assuming A=w4 (‘.up e 0,25 cu™?
{which ccrresponds to the megnetic field H ==5,000 gauss),
alma8)_ 3 . 1089 . 0.253 - 20°%0 sec™liny 5 % 10733 gecmd
i.e., the value of A(mag) la very small. Tz value of s

snalier for transitions due to nuclear andé rctetioval moments on the
order of the nuclesr magneton.

¥} ‘These conditions »re realized for cosmic rsdlation; of.
{ Chapter 16.)

L
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r~ According to the rule of selection (4.157), ss for ordinaxy -

electronic dipolar rediation transitions with change of the magnetic
gquantunr number m not greater than unity, i.e., ! Am [ L | are possible
for magnetic dipolsr rediation. -

By virtue of this rule of selection only tramsitions betwsen
adjacent sublevels of Zeeman splitting are resolved, as indicated fox
values of J from 1/2 to 2 4in Figure 14.12. Transitions upvard are
absorption, and trensitions downwa.rd sre forced emanation. Transi-
tions with wit change of m, A m = ¥ 1, correspond tc circular vibre~
tion in the xy plane, perpendiculsr to the direction of the permanent
wegnetic field, caused by Zeeman splitting. These trsusitions may be
evoked by an slternating magnetic field with rescnsnt frequency

v == l 2 Ep— E i [, perpendiculer to the permanent magpetic
P -1 1

field. Thus megnetic resonance occurs under the actlon of eu alternat.
ing megunetic field of frequency

k'i ot

perpendicular tc the permanent magnetic field.
According to the genere.’i formula (b.172), in the case of
dn=un - B, - > 1 only the matrix elements A, {Ay of the vector

components are different from zerc. The following matrix elements
(ef. (4.175) snd others) are different froi zero

(myip, % in [m) = j &, (®) (1, ﬁ:my) Ym, @V AP (11.66)

st m =m, %1, which means that from the point of view of graphic
representations this transition corresponds to magnetic cireular
oscillators in the plane xy, having thke frequency (14.65). The vibrs-
tion of these oscillators mey be excited by a magnetic field of the
same frequency, Located in the plane xy.

Special notice muet be made of the fact that the transitions
considered ere magnetic dipolar transitions and cccur under the effect
v of an alternating meguetic field, while ordinary eie¢ctrical dipolar
|transitions oceur under the effsct of an alternating electrical field.

e
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Figure Ik.12. Transitions betwoen sdjacent sublevels of Zeeuan
gplits.

Wheredy the frequeunsy of transition bebwesn aldiacent suhlavaels
of Zmeman splitting colineldee with the freguency of pascession of the
wagnetlc moment arcund the dlrection of the permaneri magnetic field
M. ao santionad in ths foregoing, the condlbtion of megretic resouance
is coincidernce of the freguency of the alternating maguetic field per-
pendicular tc the persavent asgretic field with the frecuency of

precession.
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“ a) 8)
Figure 14.13. Effect of e perpendicular magnetic field on &

precessing magnetic moment:
a.g preceasion sround the field H; ; .

b

’
v

supplementsry preceasion sround the field M

From the purely classic viewpoint radiation of frequency equal to
the frequency of vresezsion is connected with the rotation of the come

vonents of magnetic moment W ,L; perpendicular to the sxis of precession

i.e., the direction of M . Changes in the megnitude of projection

of the magoetic mowent in the direction of H. in the case of forced
trensition m&y be understood according to the graphic representation,
utilizing the principle of congruence. For this we consider the cf-
fect of the perpendicular magnetic field H, upon the magnetic moment
in the moving coordinate system precessing &round the direction. of K
with angular velocity w =s - yH (Figure 14.13 ). As we have seen

iaM
in Chapter 2, the change (__a,{"f..) rot of mechanical moment in this

gystem, in the absence of sffects other than the [4. field, is equal to
zero. In the presence of & perpendicular field K, , oreating the

L_supplementary noment of force [ﬂf”’l = ['{Mp, H,] we obtain
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r aM, ,
(...,...._.’ lp_) , ne {“‘Mpg AH.J_‘
dé /xot. (14.67)

@)

The alternsting fieid H,with frequenr-y ¥ === may be analyzed into

N e v

tve magnetic fields ﬂ &nd H of the same frequency, rotating in op-
posite directions with sngular velocity e end -«m*. The fizld Hv,
rotating with anguier veloelty o, may be constant with respect to the
woving system, but the magnetic moment must precess around the direcs
tion H (cf. Figure 14.13 b), and consequently it will chenge its
orientstion with respect to the /. f£ield, i.e., p, will cihenge. The

gredusl change in orientation ¢f spagnetic moment in the classic theory
vould cerrespond to &n intermittent change of this orlentation and the
projection My in the quantum theory. Specifically, with the originel

orientetion persllel to H the magnetic woment graduelly changes to
antiperaliel orieniaticn. For the spin moment of the eleciran
(s = 3/2) this corresponds to quantum t,raamtion from the sublevel

m, = 1/2 to the sublevel m = ~1/2.

There are two different weans of observeition of megnetic
rescnance: messurement of the effect of rodiestion upon molecular
beans, and meesurenent of the ausorption of rsfiation by a substance.

%) For example, vibration along the x axis, {7y == H; cos of,
may, upcon addition of & field elong axis y equal to zero, be analyzed
in the following form:

Mo Hy oot o ;
et iHy=He4-1:.0 = =5~ €08 © +-—-;2—- cos of }

- 1(%9- sin of == -%l siniwt) =

= (cos wt 4 ¢ sin wf) + -—- (cos wt — i siti wi) = L @l + 5 Hy petar,
The i;rst. menber represents ‘ohe magnetic field rotatinp, froxt» tue x

axis to the y axis, with angular velocity w, ond the second mermber

the magnetic field rotating frow the y to ‘c,he x gxis, with snguisxr
velocity - &,

L ]
- 61 -



O

" The first method consists of a beam of the investigated -

pearticles (having megnetic moment), deflected in & definite manner in
permenent magnetic fields (which for this purpose are made nonhomo-
geneous) and impingipg upon the instrument registering the particles,
&nd is subjected to the effect of radic frequency rediation. If under
the effect of the magnetic field of rsdistion, transitions occur be-
tween sublevels of Zeeman splitting, which does occur in the presence
of resonance, i.e., &t coincidence of the frequency of the field of
radiation with the frequency of tremsition, then the particles with
projection of megnetic moment modified ss o Yesult of the traneition
are deflected differéntly and no longer impinge upon the instrument.
Thus the weskening of tHe besin of investigated particles cbserved at
resonant frequencies is measgured. :

Figure lhk.lh shows a typical diagram of apparatus for investi-
getion of magnetic resonsnce in molecular beams (42). The beam of
particles from source S passes through the nomhomogeneous permanent
nagnetic fields A and B, deflecting the particles in opposite direce
tions and focusing the bean, which impinges on the registering instru-
ment I. A homogeneous permsnent field is created by megnet C between
nagnete A and B, and an alternating redio frequency magnetic field
(radiation field) evoking transitions is established perpendicularly
to the last named. When the frequency of the slternating field does
not coincide with the frequency of transitions, a completely deter-
nined stresm of particles falls upon the receiving instruxent, and
in the case of coincidence of frequencies all the particles for which
projection of the magnetic moment chenged as & result of transitions
between sublevels of Zeeman splitting are deflected differently by
the second nonhomogenecus field B and do not enter the receiver.

It is important that the change in intensity of the tesn is
proportionate to the total number of transition processes from the
original sublevels equal to the sum of the number of all the sbsorp-
tion processes and all processes of forced emanation. Foxr example,
in the case of splitting of a level with J = 1 in a magnetic field
(ef. Figure 14,12) the change in intensity of the beem occurs as s
result of both ~1 =3 0 and 0 ~—31 (absorption) transitions, and
0 =) -1 and 1 ~ O (emanation) transitions. In the given case the
probebility of all these transitions is equal.

The relative probebility of the transitions is given by the
formulas of Table lh.l for the cate J—>J and m & 1 —5 m, which
also hold for transitions between sublevels of the same level. BRe-
cause of this,Table 1k.4 mey be utilized in concrete instances.
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¥ Tee msgoetic resonance method with moleculer besus is extremely’
selisitive, and enables a very high degree of precision tc be attaised.:
Its most lamportant saspect is that the effect of & radio frequency
finld on free particles is studied. However, from the expsrimental
Jolit of view 1t 1a very difficuit becsuse working with molecular
vesns, especially in magnetic fields, is compliceted, particularly in
maspect to the requirement of aspecial vacuunm technology.

The second method of chserwation of magnetic resonsnce coh-
sipte of measurement of the absorption of radio freguency radiation
Ly a substance pleceé in a permanert, homogeneous magnetic Iield. The
mdio frequency magnetic field -evokes transitlions beiween subisvels
of Zeensn splitting, with both w—~5m + 1 and m + )1 ) m tradsitions,
i.@.; both sbsorption and forced emanation occur. For example, in the
simplest cese of Zeewan splitting of & level with J = 1/2 (ef. Figure
14.12) this corresponds tc the transitions ~1/2 —31/2 and 1/2 —3.1/3,
e observed sbsorpticn is the difference beiwveen absorpt;on and
Yorced exanation. The coefficient of sbsorption, messured by exper1~
ment; is determined by formule (5.98) end contains the

o 33z ,..’}.z_;,., factor, sod i the given cese AV %Em, —~Epm, is the
difference in energy of the Zeemén split sublevele. HMagustic
regonsnce nay be observed &8 a result of high aenszitivity of eontempo-
rary radio technologicel methods, even in the csae of very ciocse
imenen split sublevela. Despite the presence of experiwental methods,
gtudy of ghaorption in the radioc frequency range does not differ in
prineipie frewm sbudy of ebsorption in the optical range, whiie the
nagnetic rescpance method with moleculsr beaua has the substantial ad.
wvanhsgze that not radiation, bubt changes in the status of particles
fabjected to the affect of rsdiation is studled.

Study of magnetic resonznce by the sbsorption methold is consid-
erably sizpler than the molecwlaxr beaanm nethod, and also enzbles ab-

teinmant of high resolving pover and very high preclelion of messures . =

went. Tole method usually iz uged in vhﬁ study of substences in solid
and liquid state, which on one hand ensblea different conclusions to
he wede relative to the condensed stete of the substasce, but on the
uther hend requires introduction of many comctz.ana in the determwina~-
tlon of the properties of individusl psrticles. The valuss of magnetic
nomante determined for perticles interacting vith the surrounding
particles mey be distinguished from the values of these mowents for
frese particles.

It is noted that uvsually in the observetion of uagnetic rescs
nence not the freguency of radietion causing the transitions, but the
{. intenzity of the perwanent mignetic f£ield in which these traugitions N

-
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‘are observed iz veried {by the molecular Tewn, or absorption method),
Thus to aatisfy the velatioasuip Av == AL~ AF == g‘;&si‘f the
vaiue v 18 kept constext end I ie veried. Therefore the spectra
are obtained not on s frequency scale {or wave leugth s 4:.3,5 ),, Bat on

a gscale of intensity of the nagnetlec fieid.

.7, Investigeticn of BElectromic Mugmetic Resonsoos "\ the sbomic
hewm dMethod \J '
LTI - S

Hesgurenentl of magnetlc reBoNaNLE in stompis tesws, bDelng &
particula.: cage o:t melecular beams™, eneblss the elsetronic maguetic
nomepts of sbcwe in baslic sondition to be measuyed with very bigh
preecision, on tbe axder of one hundreod-thouaandth. A pariiculsrly
sluple cese 1s that of etoms with cne externsl s-elecizon, for which
the wain level is the 23578, , leve. {atoma of hydroges, slkali

watals, plus Cu, Ag sud Ad; of. Table The ty*an"i‘i:inri w8 gy
178 wnd Lf2 Y 142 are observed (2f. Figure 412}, which are cone
necnes with o change in the orientation of the sfg_.,a mowesnt of the
2igotron indihe megretic ifie).d The maln result of exesyiments with
theae atoms f and also with stoms lo other hesie conditiops, particw -

larly in '2.1 ﬂondj.bwn np P ,,) is that tahe fantoy g Tor electron
gpin mhgretle moment is dlffexsunt trom the vaiae &, Lo 'whiczh-'&bc
theoxy of EJM?‘ %c leads, i.e¢., vhe magnitcde of magnetis moment i3 nob

pgust Lo boe Boby nagneton 'As(w {2, m\) fhis soomaly of w'm: YR
pebie woxent of the electron; ss indiceted iu C‘r:w e €, ia caszsed by
rediation covrrecticns which wey be found thro utiliggtion of the
guantun electrodynanden methods. Tae the(.\.l‘at.lcfu.

value of the magnetic momeut i, Ly ,r‘m. ¢l the electron when

using worreetions or the order of 4 s‘a;nd a? , where @ is the constand
of fine staueture L.43) dg -

;“'El_;;-: J;éw ELB "‘..,'..‘:(I -";“-‘ 2; — ,628 '”"') s]»B fpotned l O(H ii)gﬁ EB‘B ‘\.U“ ‘ \l

Fine wmessurensnts of Zezman splitting for the hasic ccpdition
Is 35.[ o the hydrogen etom by the wagnetic rasorance method with au

atowic bean lesds o the value

Wi a g sss T PR

*
{ For terminolégy see pége I.
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(14.69)

which epproximates the theoreticel vaiue (14.68). It conforms even
wore closely to the value 5/2 of (14.68), measured directly for free
elsctrons (¢f. (14.B1i). This conformity, together with coincidence
of the theoretical and expérimental values of the shift is S-level for
the 5 = 2 status of the hydrogen atom is a basic procf of the correct.
ness of deductions of guantum electrodynamics cbteined on the bn.ais of
consideration of radiation corrections.

B,
T“*"“ﬂ 1,001146 + 0,000012,

|
T

The experimentsl value of the g/2 factor for H! is equel to
1.000128 ¥ 0.000012, for D is 1.001128 ¥ 0.000030, for He' is
1.001117 * 0.000020 end for 118 ana 117 is 1.00114 ¥ 0.00012, i.e.,
in a1l cases the correction obtained is equal approximately to

-2‘-1—- = 0.00115. The relative change in electron mass connected with
b

the hydrogen &tom must be taken into account in making comparison

with a free electron. This change in mass is 1.8 * 10 7, and gives
& correction of +0.000018, which lesds to the value (14.69) for a
free electron.

Thegretical computetion of the value g/2 for He' in the basie
condition °8; leads to the value 1.00110kk, vhich slso sgrees very

well with the experimental vaiue introduced in the above, 1.003117 ¥
(.000020. - .

The method of megnetic resonmnce in stomic beams mmy be used
in investigation of the plcture of Zeeman splitting of exergy levels
not only in veak fields, but alsc in intermediate, and stroag fields.
Along with study of Zeeman spiitting of main levels of atowms the
picture of splitting of excited levels alsc may be lavestigated in
principle if & sufficient concentration of these atoms is crested in
the beam. Investigstion of this type was carried cut by Land and his
associates in studying the shift of S-levels (248, cf. Paragraph 6.8);
namely, study of Zeeman splitting of levels with n = 2 enabled the
value of this shift to be determined with high precisicn.

The peculiarity of Zeeman splitting of excited levels of the
hydrogen atom consist of the fact that there are clusely adjacent
levels with different values of 1. For n = 2 we have the levels

2528, 22P5, =t 2"2P:h {ef. Figure 6.14). 1In this, the nagnitude
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ot splitting in wegnetic fields is on the order of several thousand
gasuss of the Aistance tetween ithe 2}’3 /2 and arg /2 levels. The picture

of the splitting of levele with n » 2 is shown in Figure 14.15. In

this, the even level 281 /2 aplits independently of uneven levels
2!? /2 and al’g/a, Yor which we have the case of splitting in intermedi-

ate fields, corresponding to the middle porticn oi Figure 14.1l. In
the given case thia aplitting mey be compuied easily, taking intoc sc-
count the interaction between two levsls with m = 1/2 sud two levels
with m=-1/2. In 8ll, we heve two even levels with m = 1/2 snd

m = -1/2, indicated by & c.nf&,‘.s, , and six uneven levels with m = 3/2,

1/2, -.1/2,’-3/2 (from © 3 /2) and m = 1/2, -1/2 (from °yg /2), indi-

cated,by &, b, o, d, ¢ and £, In distinction from the ces: of transi-
tions between miblevels of the same level, possible only with magnetic
dipolar rediation, ordinery electric dijoler transitions with the rule
of seleciion Am = 0, I 1, are possible on%y with magnetic dipclar
radintion between sublevels of the levels <5 and 2P°', the peme 88 in
the case of splitting of spectral linee in the optical range of the
gpectrum. In this, forced transitions with 4 m = Q are evoked by
radio frequency electric fields psrallel to the permanent magnetic
field, snd trsositions with Am =21 1 by & field perpendicular to the
permaneat magnetic field. According to the ruie of selection the fol-
lowing transitions sre possible: ’

Ammo & —~8, a'—'"b; ﬁﬂf’ B““C. (lh-?())
Am=*+1 a—f, a—c a—aif—e, B—d, B‘"“b}

In the experiments &f Lamb hydrogen atoms in & beesn were excited, as
descrided in Paragraph 6.8, by weans of electrosic impulse. Atoms in

excited state zzf-i /2 and aan /e incandesce (vysvechivayutsya) immedi-
ately due to optical trensition st the basic leval 1‘81 /2 and atoma
in the 2281 /o excited state are metastsble und remain in the besm,

[

falling into the magnetic field in sufficiently large numbers, In
this, stoms locsted et the sutlevel ﬁ(m = .} /2) are less steble than
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lat the /& (m = J./a) aublevel due $o the poesidility of traceitions =

without irredistion under the eiffect of & perpendicular slectric
Tield* at the sublevel e, with which the sublevel l/p intersects ap-

proximately st H = 540 gauss. As & regult the atomic bean is
polarized; it contains almost exclusively stoms in the condition

,'a (228, m :g’/z)‘ condition. Careful messuvement of the frequency of

@ - e and (@~ £ (forced emanaticn) in & field B = 1,160 gauss for
hydrogen (frequency of transition 2395 Mc) epsbled the precise value
(6.‘8;?& the shift of the S-level o be found. <Througin measurement
of the freqguency of trsnsition|® - & (sbsorption) in a é30-gauss
field (frequency cf transition 10,795 Mc) the value of the energy Qif-

fererce 221@; ' 2231 /2 for dewterium (6.88) was found. It may be
noted that in additicn to electric dipolsr tressitions magretic

dipolar transition| a -8 in the form of a very abrupt rescuance mexionu

was cbaserved, which was utilized for calibration of the tie field;
the frequency of this trensition, according to formulas (3k.4) and
{(14.68) 18 equal, with & very good degree of approximation, to

| aE, —AE_, =g H=2(1+5)ueH.  Ghm

Trausitions between the Ja sublevel of the level 281 je and the sub-
levele e, £, and s of the levels EPl /2 and 21’3 /2 are muech less abrupt

due to the great natursl width of the P level, connected with the
resolved optic transitions

2 ngh — 1 2S‘/ﬁ | and 2 QP:IQ —1 QS%.

whieh occur with cousidersble probebility. Asccording to Table 6.6,

thig protebility is egual to 6.25 °* },Qs uec:"l whick, sccording to

formda (4.128), gives a level width squal to

e A 8518 100 1h.72
I‘A\' = e 6’28***-'] gec T 100 me (ak.72)

#} Due to the lasw of induction, this field scts ¢u repidily
moving particles flying through s magretic field. Por transitions
with irradistion, under the effect of an electric field, cf. Chepter
15. -
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"‘.Ehe width is lacressed further due o the superfine structwre. How-
ever; due to synmetry of iine cortour the welus of maxioum inbensity
(with the introduction of small corrections for the existing low
asymmetry ) may be found with very high precisiou, which also creates
tioe poseibility the precise valuss of the frecusucy of trensitious.

ih.8. Investigetion of Elactronic Msgnetic Resonsnce Ly the
Absorpiion Method

The method of elsotronic paressgoetic rescosuce (BSR), often
called simply pareupguetic resonsnce, is & very fugportent snd abaoyp-
tion method. EKlectronic peramegnetic resonance, discovered by
Zavoyskly (of. page 2}, is ciserved in the microveve range of the
radio frequensy mpestrui, in that the Adlstance hetween adjecent levels
of Zeemen splitting on the ordex of p K and in flelde on the order of

1,000 gauss 1s on the order of aw™l (of. (14.6)). Toee canse of simul.
taneous staoppbicn and perswagnstion of & zubstance 12 the orientation
of eiectronic magnetic womente by the externsl magretic Lield. At hest
eguilibrium the colonization of sublevels of the Zeeman splitting is
deternined by the formula of Bolzmemn (5.10)%
» Fuafim

wn ..-Af.@.a .-‘iﬁ —— ::—-R-f---m ( 1)4. . r‘ya :-}

n,, == nQAe kT rzo/ile BT o ﬂgAe ' -

vhere AE  is the supplenentacy evergy in the magoetic fiedd {cf.
(1%.1) emd (2h.8}), vy 18 the musber of particles, end A i3 a consbant
(detervinzd by the condition that the totel number of perticlee at all
levels e equal 1o ne). As a result of a somewhnt larger populstion of
levels vith Jower values n the substence in the megnetic Ffield has, st
B # O, & resultant msgnetic woment, i.e., it is sagpetized, For the
same resson the nuasber of traspitions me-~dpm + 1, i.e., the nurber of
absorpiion processus, iz grester thon the myvder of transitions

%+ l-—pm, l.,e., the nuzber of procasses of forced emanaticn; this
&lro leads to & value of the sdduced coefflicient of sbanmxption (uf.
formule (5.68)) aifferent from zero and deriving frow Pormalss 5.8k,
(5.91) and (5.98), which alsc detersine the sbscrpiion ohserved in the
experiment and representing tie difference hatween Abvsorpticn and
forced emanstion. 'The coefficient of absorpiion foxr the Lraasition

¥* N A s . ; - o
) In this it I teXen into accownt that the stestisties)

waight to 8l sublevels is identical and equsl to 1 (de?f\emr:ztion in
Y

, the magnetic 7ield is deducted. The eneryy reading in (14.73) is
“taken relvtive to the nom-split lewel AE, = 0. wd



m—>m + 1, sccording to (5.98), is equal to -

1 hv
* = Wty g7 B i1 O (at.74)

where B m» meq (V) 18 the probability of sbsorption for naguetic

dipolar irradiation. In the microwave range the coefficients of
absorption are sufficiently large to be measured even at relatively low
concentrations of parsmegnetic particles.

£”° J

[

15000 -
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- 8000 -

-10000 )

Figare 14.15. Splitting of the n = 2 level of the hydrogen atom in &
magnetic field.
The order of magritude of the probebility 1B

m» m+l'('\‘) of the

transition froz sublevel w to sublevel m + 1 may be essily evaluated,
end starting out from thie evaluation the order of magnitn.de of the
coefficient of absorption may be found.

\%
L o
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i The spectral probability of absoyption relsting to the unit

-
of interval of Ivequency anters into furule {14.7h) aad accarding to
(5.126) is squad to

; ‘Bh‘h -4

B, m+1 () == Ayt {2&.75)
where Bm, mtp 18 the integral probability of absorption, smd Av
iz the width of the spectrel iinme for the tPansition m —~—-Jm + L.

Bxpresaing B, 41 through the siegoetic momerd of tyensition,
ascording to formales (4.8) end +.73) we obtain (g, = g, = 1)

1 o P’
Btnl -l (v) 'y Bnhva < "m*!l ”‘ (13’?‘«?6)
i o e 1 8w
o 'A\) -81{‘}?:5 mc& ‘ f‘me m-1 [ o ‘E:;. ah* ““'m: w1 IM‘

The msgastic mowent of transition f# ~n the crder of msgaitude of the

magneton of Borh P, L.€s, (g, g |t S 107% erg/gausa (cf.

(2.57}). At & line width on the oxdsr of 207 gausa

{1.e. A o 17100 &t v== 16¥0 grnas )

h S
§-30. 167% .
B ¥) R e r 2 . 109
mem+1 (%) 10%.3.66°. 107

and fur the cosfficient of wbsorption (A4.74), ssmming
v 10t H hvy 13 ca

———
pri-ras

%
e} ) .
1Y o raan ST o s | B e~ I $ S { ’ at T:: 3 M
PR T W e o 1610 00
{ef. (.15.3.1.)), we fipd that
%, '“*'-—~ - §,6 - 107 B 1.6 i07%. 9. lOem'iG‘“%nm. {(14.78)

Taking i.nto accouat K, &8 eqQual Lo the pusher of parti icles per unit
velume £or & copdensed mediwn on the oxder of 1G°° axf 3, we obtain

(3775

't.,. =z 107! ,h.€., the coefficient of absorption has a Peirly large

value., With a reduction in line width this coefticient will ineresss
correspondingly .

L



s

i Introducing the cross-section o for absorption according to =
formale x == df,, where u, is the number of absorbing perticles (cf.

(5.86))*, we cbtain a valvz of © on the order of 1043 cma.

Absorption in forms conteining 101% absorbing perticles (262)
may be discovered in the most sensitive podern apparstuses for sx‘.udy
of neremagunetic resonence under favorsble conditicns. (}’
The simplest cagse of parsmagnetic abscrption is cbtaeined when
the sbaorbing atoms heve orbitan moment equal to zero and oune electron
vith nonecompensated spin, given a spin moment of = §==! [, This .

cese occurs for atoms or ions with one externsl s-electron (basic con-

dition of 281/2' cf. Figures 6.1 and 8.3-8.7). As in the case of
magnetic rescnsnce in atomic beams, the transitions -1/2 ——31/2 and
1/8 ——y +1/2 ccowr in @ uagnetic field (abzorption and forced emsna~
ticn, ef, Flgure 14.12). “In distinetion from megnetic reésonsnce in
stomic beams the intensity of & single line obtained is determined by
the )difterenﬂe hetween absorption and forced ensnation (a.nd not theixr
sum

An snalogous case is found in more complex atamic systems for
free radicsls (chemically unstable), formed as intermediate products
-ip chemical reactions and having one electron with non-compensated
gpin. Ordinsry chemically stable molecules, &8s 8 rulé, have en aven
nunber of alectrons forming a satursted molecular envelope, and have
conplete mechanicel and magnetic moments, equal to zero. In distinc.
tion from them, free radicals have & complete electronic mechanical

nonent J = § ==} /2 ; and correapondingly & complete magnetic moment

Be ==y (cf. (2.56)), and these radicals may be discovered easily,
i their concentration is very low, by the paramagnetic rescnance .
wethod (101).

#) If for the abrorbing p&rhieles there i3 one hasic level of
the maitiple e, = i + 1, then at.-k—f <:: lthe constant & in (14.73)

. 1 o i .
i8 6quAl t0 —Sem 60 Mg M D == Mo de, n eod n &re of a
&7 & 241 ¢

single order.
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| For the nase of atcms haviung electronic moment different from ™
zéxro in their besic status and not heving purely spir moment, & sube
stential differecce is obtained upon investigation of maguetic reso-
nance in stomle beems and in investigation of paramegnetic Yesonance.
Bevause parsmsgnetlc resonance usually is studied for substances in &
condensed shete, the absorbing stoms may not be considered free, as
in the cage of maguetic resonence in shomic beaws. Even if the atom
is not inciuded in & molecule (which specifically occurs for paransg-
netic ions in orystele) its main level splits in an electric field,
formed by the surrounding partiszles, sud the Zeeman split will be dif-
ferent from that obtained for a free atont, Consideration of the probe
lem of parampgnetle »esonance in siwiiar cases reguires preliminsry
conglderation of the intersction of the absorbing particles with the
surrounding particles. The interastion between partici=zs has a
telling effect elezo on the contour of the persmagnetic resonence line,
At the present time parspagnetic resonadce is one cf the effective
pethods for studying interasction between particles in & condensed sys-
ten, sp& in geners] the structurs of thessz systems both In solid snd
liquid state.
(e}

Magretic resontnt absorption by electrons of ccnductivity
("fxee slectrons™) which hae been chserved for metals constitutes a
specied case of psramaguetic resonsnce, and is due to their spin
(259). Tne megnitude of splitting, 2s in the case of the ne“S; e
status of atoms, 1s equal to 2ppll., Bacause penetration of & magnetic
field into the metal is determined by the skin effect, diffusion of
electrons in the range of the skin effesct and cutside this ryange plays
an important rone; this diffusion may be considered thecoretical.

The fervomsgnetic resonance (of. pege 2) cbserved in ferromag-
netic bodies is a particular case of electronic spln magnetic reso-
nance. 14 1is connected with the spin interaction of perticles in ferw
rowagnetic bodies and is of interest from the point of view of the
study of these interections.

To the present we have dlscussed megnetic resontmice csused by
the presence of 2 constent megnetic moment in particles, which is
oriented in the msgnetie field, snd which also causes the cbserved
splitting &F levels. TFor frse electrons megretic rescnance ceused by
their movement in 8 magnetic field in a circular trajectory, or

o) o

*) This split dGoss not ocgur in the case discussed sbove for
atoms or ione in the barle state 331 /2 88 & xesult of the theorem of

(Xramers; cf. Chapter 15.1, (205).
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lorbital movement, is possible. This type of rescnance, connected with |
dlamagnetism of free electrons, is called cyclotron resonance.

As is well known, an electron moving with speed v in & magnetic
field descrides e path like that of any charged pa.rt:.cle « The redius r
v?

of this trajectory (Figure 14.16) is determined by the im . -;'-'—equilibrium
condition of the centripeta.l force on the order of "’;H of lorentz

vt
EI‘””] 1., the condition ]’m = -c- vH. Thus the speed of motion

in the circular trajectory is W= z == -‘!-{-— and the corresponding
velocity is (ef. (2. 1'-6) r mec
o ____OH ___QP'BH
,"""57:“ Ormge k" (14.79)

The motion in the plane xy, perpendicular to the wagnetic field, mey
be analyzed into two linear hermonic vibratory motions on the axes x
and y, the quantizing of which gives the following possible enexrgy
velues (cf. (145 end 146)):

B (nt7) = (n +3) =

= 2p.gH(n +-;,-) (=012 ...). (14.80)

I

Thus insteed of continuous levels of free electrons, discrete levels
tre obtained, the distance between which is equal to - 29, H (Figure

14.17). The presence of similar quantizing leads to diamagnetism of
free electrons.

This type of diamegnetisw usually is called the diamsgnetisnm
of Landau; in 1930 Landau demonstrated experimentally (204) thet ac-
cording to the quantum theory Iree electrons have diamagnetism in dis-
tinetion from the classic theory, in which disnegnetism of free elec-
trons is lacking.

*.
) In particuler, as in the case of charged heavy particles
in & c¢yclotron, whence the name cyclotron resonance.

-
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Figure 14,165, Movement of A
an electron in & circular : ‘ v
trajecuory. 1

%ﬂa”

Figurs 14.17. Duergy leveis
for free elsctrons in &
magnetic Ilelid.

Transitions are possible between levels of free electrons in &
wagnetic field through chapge of the quantum puwber n of the cscllle~
zoxr by & 1. Tnis ae ordinary slectric dipolar trensiticn, correspond-
ing to the components of dipolar momenmt perpendiculax to the field,
and coasequently occurring under the effect of au alternsting elechric
field of frequenty v, perpendicular to the permanent negnetic field.
Forced transitions of this type {cyclotron resonance) are obtained
wvhen the frequency of the ralio-frequency electric field perpendicular
to the permenent nagnetic field coineides with the freguency of transi-
tion.

From the clessic point of wizw we have irradisticn of frequency

‘ \ (4
v, determined by formule (14,79} and eguel to -2’,‘::? . Ina
) e
coordinate system roteting with angular velocity O == 21y == ;ne.g... .

equal to twice the angular velocity (2.69) of Larmor precessicn, the
electron will recede, and the magnetic field H cemnot act on it

Thue precession oceurs for free slectrons in a wnagnetle field, the
frequency of which is equal ¢ twice the frequency of Lermor precession.

)

jo . N
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vave range of the spectrum. Its messurenent enebles determinetion of
the cyclotronie freguency (i4.7¢). In the given magnetic field the
ratio of the frequancy of meguetic resonsunce for the investigated
maguetic moment, proportionste to the magnitude {4 of this muwest (cf.
(2.59)); mey the cyclotron frequency mey be measured, which is ex-
rressed by the Bohy megnetor Py, or in other words, from the point of
graphic representations, the ratio of the frequercy of precession of
the investigeated megnetic moment to the frequercy of precession of fiee
elactrons may be measured. In this, the value of magretic moment is
obtained directly in Bohr msguetons fopr  The magnetic moment of the

proton was meagured with great preciaion by a similar method (268).-

The anomaly of the magnetic motient of the electron wes measured
very precisely for L{ree electrons tbrough the difference beiwesn the
freaquency of precession of spin of the elsctron and the freaquency of
the ayelotronic resonsnce {(at g » 2 these fregquenciss coincide and sxe
equal te (1%.79)). The messuremsnts were performed with double 4is~
persion {on gold 2£cil) of an electron heam in & msgretic field, and
geve the velue (268). ~

.g.. - %s«lm (1,0011609 + 0,0000024)," (3b.81)
B

which is 1a complete"ag:reement wvith {14.68).

Aceording te the concept of Dorfmas (260) the cyclotronic reso-
nance may be obtalned for conductive elecirons in metals anéd semicon-
ductors. In this, the sctual elsctron mess m, 1s repleced by the

effective nass m: in formmuisa (3h.79), the di;ta?ee between levels in

m
magnetic £ield is decreased by the function ..;!5-. and the value of

e
the effective mess nay be determined according to the fregquensy of
rescsence. The cyclotromic resonsnica may be obzerved for ssmiconduce
tors {silicon and germanium orystels) not only for electrons, but for
gaps, &3 well (26]3. .

P ?6 -

Cyclotron resonsnce is cbserved for slow electrons in the microj

7”\
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